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ABSTRACT
Lithium ion batteries are currently the best portable energy storage devices for the
consumer electronics market. Large capacity, good cyclability, and no reaction with
electrolytes are indispensable characteristics for lithium ion battery materials. In this
Master’s research study, several materials were characterized and examined for
possible applications as cathode or anode for rechargeable lithium-ion batteries.
Among the cathode candidates, copper sulphur (CuS) and lithium trivanadate
(LiV3O8) with polyaniline were studied. Tin with polypyrrol was also studied as an
anode material candidate for use in rechargeable lithium-ion batteries.
Tin nanoparticle/polypyrrole (nano-Sn/PPy) composite was prepared by chemically
reducing and coating Sn nanoparticles onto the PPy surface. The composite shows
much higher surface area than the pure nano-Sn reference sample, due to the porous
higher surface area of PPy and the much smaller size of Sn in the nano-Sn/PPy
composite than in the pure tin nanoparticle sample. Poly(vinylidene fluoride)
(PVDF) and sodium carboxymethyl cellulose (CMC) were also used as binders, and
the electrochemical performance was investigated. The electrochemical results show
that both the capacity retention and the rate capability are in the same order of nanoSn/PPy-CMC > nano-Sn/PPy-PVDF > nano-Sn-CMC > nano-Sn-PVDF. Scanning
electronic microscopy (SEM) and electrochemical impedance spectroscopy (EIS)
results show that CMC can prevent the formation of cracks in electrodes during the
charge-discharge process, despite the big volume changes, and the PPy in the
composite can provide a conducting matrix and alleviate the agglomeration of Sn
nanoparticles. The present results indicate that the nano-Sn/PPy composite could be
suitable for the next generation of anode materials with relatively good capacity
retention and rate capability.
CuS nanoparticles, including nanoflakes, microspheres composed of nanoflakes,
microflowers, and nanowires have been selectively synthesized by a facile
hydrothermal method using CuSO4 and thiourea as precursors under different
conditions. The morphology of CuS particles was affected by the following synthetic
parameters: temperature, time, surfactant, pH value, solvent, and concentration of the
two precursors. The synthesized CuS nanomaterials were characterized by X-ray
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diffraction, Brunauer-Emmett-Teller N2 adsorption, SEM, and energy-dispersive Xray spectroscopy. The electrochemical tests, including constant current chargedischarge and cyclic voltammetry, show the specific capacities of the different
morphologies, as well as their cycling stability. The nanowire electrode presented
here has near theoretical specific capacity and relatively stable cycling performance.

A composite, LiV3O8-polyaniline (PANi), suitable for lithium-ion battery cathodes,
was synthesized by dispersing LiV3O8 and dissolving PANi powders in N-methyl-2pyrrolidinone

(NMP)

followed

by

heating.

Electrochemical

impedance

measurements showed that the polyaniline significantly decreased the charge-transfer
resistance of LiV3O8 electrodes. Charge-discharge properties of composites as
cathode materials for lithium-ion batteries were studied. The results indicated that
PANi-LiV3O8 had higher discharge capacity and better cycling property. The PANiLiV3O8 composite with 10 wt% polyaniline showed the best electrochemical
performance, with a specific capacity of ~161 mAh g-1 retained after 55 cycles.
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CHAPTER 1 INTRODUCTION
One of the great challenges in the twenty-first century is unquestionably energy
storage. In response to the needs of modern society, it is essential to find new, lowcost, and environmentally friendly energy conversion and storage systems. The
rechargeable lithium-ion battery is the most suitable energy storage system for these
purposes. Lithium-ion batteries have replaced previous conventional batteries such as
alkaline, Ni-Cd, and lead acid batteries in a wide range of applications, ranging from
microelectronics to aerospace. The chief reasons for this sweeping replacement are
the up to two times higher voltage of Li-ion batteries (~3.6 V) compared to aqueous
batteries (~1.2-2 V) and the up to six times higher gravimetric specific energy of the
Li-ion battery (~240 Wh/kg) compared to the lead acid battery(~40 Wh/kg) [1].

The performance of rechargeable lithium-ion batteries largely depends on the
properties of their materials. Nanostructured materials for the lithium-ion battery
have attracted great interest in recent years because of their attractive properties, such
as higher surface area and shorter Li+ diffusion length compared to bulk forms.
These features are able to facilitate charge transfer and improve stability and specific
charge, even at high current rate during electrochemical reactions. This Master’s
thesis is aimed at exploring and investigating nanostructured anode materials and
cathode materials for lithium-ion batteries. Furthermore, this study involves the
development of proper binders with which new materials could achieve better
electrochemical properties in lithium-ion batteries.

Chapter 2 presents a literature review on lithium-ion batteries and electrode materials
for the lithium-ion battery system. The basic concepts of batteries, rechargeable
batteries and lithium-ion batteries are reviewed, in order to provide new insight for
further investigations of nanostructured electrode materials.

Chapter 3 describes in detail the experimental methods and procedures used in this
study, and the materials and chemicals chosen to accomplish the research work.
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Chapter 4 presents a synthesis and characterization study of Tin-polypyrrol
nanocomposites as anodes for lithium-ion batteries. A high charge/discharge
efficiency and good cyclability were achieved for Sn-polypyrrol anode in lithium-ion
batteries.

Chapter 5 Copper sulphur nanoparticles (CuS), including nanoflakes, microspheres
composed of nanoflakes, microflowers and nanowires were prepared by a facile
hydrothermal method. The specific capacities of the different morphologies of CuS
are discussed, as well as their cycling stabilities were investigated. The nanowire
electrode presented has near theoretical specific capacity and relatively stable cycling
performance.

Chapter 6 presents synthesis and characterization of LiV3O8-polyaniline composites
as cathode material for rechargeable lithium ion batteries. By combining the active
materials with conducting polymer (polyaniline), the composite cathode materials
can deliver much higher capacity than bare LiV3O8 and also maintain good
cyclability.

Chapter 7 gives an overview and summary of the study.
-
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction to Rechargeable Lithium-ion Batteries
2.1.1 General Introduction to the Lithium-Ion Battery
With the development of modern industry, energy supply has become more and more
important in our work and lives, which has generated the need for batteries that
provide both high energy density and high power capability. Lithium is the lightest
metallic element, with atomic weight of 6.94 amu. It is also the most electronegative
(-3.04V) element versus the standard hydrogen electrode (SHE). Therefore, a battery
system with lithium as the electrode could provide high energy density. The energy
densities of different rechargeable battery systems are compared in Fig. 2.1 [2].
Lithium-ion batteries have the highest energy density among all the battery systems.

Figure 0.1 Gravimetric and volumetric energy densities of different rechargeable
battery systems [2].

In view of the need to protect the global environment and save energy, there has been
strong demand for the development of lithium-ion battery technology as an energy
storage system, especially for light electric vehicle (LEV) and electric vehicles (EV)
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applications. The R&D trends in lithium-ion battery development are aimed at high
power and energy density, low price and high safety standards.
In 1980, LiCoO2 was first reported by J. B. Goodenough, as it had a high charge and
discharge voltage in the range of 3.6-3.8 V in the cell configuration of LixCoO2/Li.
LiCoO2 was successfully commercialized in 1991 by Sony. In its most conventional
structure, a lithium ion battery contains a graphite anode, a cathode based on LiCoO2
and an electrolyte consisting of a solution of a lithium salt (e.g. LiPF6) in a mixed
organic solvent embedded in a separator felt. Since then, lithium-ion batteries have
been under massive commercial production and have come to dominate the
rechargeable battery market [3]. Now, Sony is the largest supplier of this type of
battery. It was Sony that proposed the “Lithium-ion Battery” for the first time in the
world. The enormous success of this system was based on using carbon material
which can allow Li ions to insert and de-insert themselves reversibly, instead of
using Li metal as anode. The insertion materials behave as active materials. The Liions shuttle back and forth between the negative and positive electrodes during
cycling. The electrochemistry of a typical Li-ion battery is shown in Fig.2.1. By far,
the most common active material for negative electrodes is graphite. However, there
are numerous other kinds of carbons which have also been used. For the positive
electrode, mostly transition metal oxides and phosphates have been employed, of
which LiCoO2, LiMn2O4, and LiFePO4 are the most common.

Figure 2.2 Schematic illustration of a typical Li-ion battery: (a) aluminium current
collector; (b) oxide active material; (c) porous separator soaked with liquid
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electrolyte; (d) solid electrolyte interphase (SEI) layer; (e) graphite active material
and (f) copper current collector [4].
2.1.2

Reaction Mechanism of Rechargeable Lithium Ion Battery

The rechargeable lithium-ion battery is a type of electrochemical cell which can
convert stored chemical energy into useful electrical energy. It contains three
primary parts, the positive electrode (cathode), the negative electrode (anode), and
the electrolyte. The basic principle of this system is that Li+ ions migrate between the
cathode and the anode through the electrolyte. Unlike primary batteries, rechargeable
batteries, once discharged, can be returned to their fully charged state and be
repeatedly discharged for up to hundreds of cycles.
A cylindrical-type battery is shown in Fig 2.3. Copper foil is widely used as the
anode current collector, since it does not react with lithium ions at low electrical
potential. Aluminium foil, which is easy to process and is resistant to an oxidizing
potential, is used as the current collector for the cathode. Fine, porous, thin films of
polyethylene or polypropylene are used as separators.

Figure 2.3 Schematic drawing showing the shapes and components of various Li-ion
batteries: (a), cylindrical; (b), coin; (c), prismatic; (d), thin and flat [5].

The most common commercial materials for cathode and anode electrodes are
lithium cobalt oxide and graphite, respectively. Lithium salt (LiPF6) dissolved in
organic solvent is used as the electrolyte. The chemical reaction is divided into two
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separated processes: the oxidation (Ox) of one species (the removal of electrons) at
the anode and the reduction (Red) of another at the cathode. The reaction
mechanisms in the commercial cell are described below:
At the cathode: LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe+

-

At the anode: C + xLi + xe ↔ LixC

(2.1)
(2.2)

For stationary energy storage applications, cost and safety are the two most important
factors, and are closely correlated. Cost analysis is conducted based on the cost per
cycle; hence extended cycle life guarantees lower overall cost. The cell temperature
has an impact on the cycle life, with higher temperatures decreasing longevity. In
addition, temperature impacts on safety, as discussed previously. Consequently,
proper thermal management of a battery pack both improves the cycling life, thereby
making it cost-effective, and at the same time, makes the battery pack safer. Thermal
management strongly depends on the power density requirements for various
applications since high power operation leads to larger polarization and resistance,
causing increased thermal energy that needs to be dissipated efficiently to prevent
thermal runaway.
2.1.3

Basic Concepts and Principles

A battery is a device that converts chemical energy directly to electrical energy. It
consists of a number of voltaic cells; each consists of two half cells connected in
series by a conductive electrolyte containing anions and cations. In the redox reaction
that powers the battery, reduction (addition of electrons) occurs to cations at the
cathode, while oxidation (removal of electrons) occurs to anions at the anode. The
electrodes do not touch each other but are electrically connected by the electrolyte.
Some cells use two half-cells with different electrolytes. A separator between half
cells allows ions to flow, but prevents mixing of the electrolytes.

(a) Electromotive force
Each half cell has an electromotive force (or emf), determined by its ability to drive
electric current from the interior to the exterior of the cell. The net emf of the cell is
the difference between the emfs of its half-cells. Therefore, if the electrodes have
emfs ε1 and ε2;
Net emf = ε2 - ε1

(2.3)
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In other words, the net emf is the difference between the reduction potentials of the
half-reactions.

(b) Potentials
Standard electrode potentials are usually tabulated as reduction potentials. However,
the reactions are reversible and the role of a particular electrode in a cell depends on
the relative oxidation/reduction potential of both electrodes. The oxidation potential
for a particular electrode is just the negative of the reduction potential. A standard
cell potential can be determined by looking up the standard electrode potentials for
both electrodes. The one that is smaller will be the anode and will undergo oxidation.
The cell potential is then calculated as the sum of the reduction potential for the
cathode and the oxidation potential for the anode:
E°cell = E°red (cathode) - E°red (anode) = E°red (cathode) + E°oxi (anode)

(2.4)

During operation of electrochemical cells, chemical energy is transformed into
electrical energy and is expressed mathematically as the product of the cell’s emf and
the electrical charge transferred through the external circuit.
Therefore, the cell potential is determined by the difference between the chemical
potential of the lithium in the anode and cathode:
ΔG = - EF

(2.5)

(ΔG: Gibbs free energy)
F = Faraday constant (96485.3399 C mol-1)
E = Electrode potential
A positive cell potential gives a negative change in Gibbs free energy. This is
consistent with the cell’s production of an electric current flowing from the cathode
to the anode through the external circuit. If the current is driven in the opposite
direction by imposing an external potential, then work is done on the cell to promote
electrolysis.
A spontaneous electrochemical reaction (change in Gibbs free energy of less than
zero) can be used to generate an electric current, in electrochemical cells. This is the
basis of all batteries and fuel cells.

(c) Specific capacity
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The specific capacity is the total charge obtainable under specific discharge
conditions from a practical cell in one discharge cycle divided by the total mass of
the cell:
Q= nF/ Σi mi

(2.6)

n = the number of mol of electrons transferred in the electrochemical reaction
The theoretical specific capacity (QTSC) can be calculated by the following equation:
QTSC = (nF)/M

(2.7)

M= molecular weight of the active materials

(d) Theoretical specific energy
The theoretical specific energy, wth (Wh kg-1), is the amount of electrical energy per
unit of mass that a battery is able to deliver, and is a function of the cell potential (V)
and charge capacity (Ah kg-1)
wth 

nFE 0
 i mi

(2.8)

(e) Coulombic efficiency
Coulombic efficiency describes the efficiency with which charge (electrons) is
transferred in a system facilitating an electrochemical reaction.
Coulombic efficiency = nth Discharge/nth Charge *100%

(2.9)

(f) Irreversible capacity loss:
Irreversible capacity loss refers to how much capacity is lost after each cycle.
Irreversible Capacity Loss = (nth Charge - nth Discharge)/nth Charge * 100% (2.10)
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Table 2.1 Comparison of the potential, specific capacity and specific energy of
various positive materials
Electrode material

Average potential Specific capacity

Specific energy

difference (V)

(mAh/g)

(kWh/kg)

LiCoO2

3.7

140

0.518

LiMn2O4

4.0

100

0.400

LiNiO2

3.5

180

0.360

LiFePO4

3.3

150

0.495

Li2FePO4F

3.6

115

0.414

LiCo1/3Ni1/3Mn1/3O2

3.6

160

0.576

Li(LiaNixMnyCoz)O2 4.2

220

0.920

Table2.2 Comparison of the potential, specific capacity and specific energy of
various negative electrodes
Electrode

Average potential Specific capacity

Specific energy

material

difference (V)

(mAh/g)

(kWh/kg)

Graphite (LiC6)

0.1-0.2

372

0.0372-0.0744

Titanate

1-2

160

0.16-0.32

Si (Li4.4Si)

0.5-1

4212

2.106-4.212

Ge(Li4.4Ge)

0.7-1.2

1624

1.137-1.949

(Li4Ti5O12)

2.2 Anode material for Lithium-ion Battery

2.2.1 Alloy based anode materials
Alloy anodes are promising anode materials for lithium-ion batteries due to their
high-energy capacity and safety characteristics [6]. Many metals are reactive towards
lithium, e.g., Si, Sn, Sb, Al, Mg, Bi, In, Zn, Pb, Ag, Pt, Au, Cd, As, Ga and Ge, but
only the first five elements have been widely investigated. This is because they are
cheap, abundant and environmentally friendly. The alloy anodes can be pure metals,
alloys, or intermetallic compounds, either in the crystalline or the amorphous state.
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Table 2.3 compares the electrochemical properties of alloy anodes and lithium metal
[7]. The theoretical specific capacities of alloy anodes are 2-10 times higher than that
of graphite.
Table 2.3 Comparison of the theoretical specific capacity, charge density, volume
change and onset potential of various anode materials.
Materials

Li

C

Si

Sn

Sb

Al

Mg

Bi

Density (g cm-3)

0.53

2.25

2.33

7.29

6.7

2.7

1.3

9.78

Lithiated phase

Li

LiC6

Li4.4Si Li4.4Sn Li3Sb LiAl

Li3Mg Li3Bi

3862

372

4200

994

660

993

3350

density (mAh cm-3)

2047

837

9786

7846

4422

2681 4955

3765

Volume change (%)

100

12

320

260

200

96

100

215

Potential vs. Li (V)

0

0.05

0.4

0.6

0.9

0.3

0.1

0.8

Theoretical specific
capacity (mAh g-1)

385

Theoretical charge

Low irreversible capacity and long cycle life are two basic requirements for
advanced anode materials. Unfortunately, early studies found that many alloy anodes
had high initial irreversible capacities (the difference between charge and discharge
capacity) and rapid capacity fade during cycling (loss of reversible capacity). Alloy
anodes have poor cycling stability due to their large volume change (up to 300%)
during lithium insertion and extraction. In addition, the first-cycle irreversible
capacity loss of alloy anodes is too high for practical application [8]. It is due to the
following reasons: [9,10]
(a) Loss of active material.
(b) Formation of solid-electrolyte interphase (SEI) films
(c) Trapping in the host alloy
(d) Reaction with surface oxide layers
(e) Aggregation of alloy particles
Fig.2.4 shows some charge/discharge curves of Si alloy anode. It is evident that the
delithiation capacity (charge) is much lower than the lithiation (discharge) capacity at
the first cycle. The first-cycle irreversible capacity loss is high (2650 mAh/g) and the
coulombic efficiency is very low. Furthermore, the capacity decreases quickly during
the following cycles; after five cycles, the reversible capacity has dropped by 70%.
This type of behaviour has been commonly observed in other alloy systems [11].
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Figure 2.4 Charge-discharge voltage profiles of a pure silicon anode with an average
powder size of 10µm [11].

Extensive research has been carried out to address these two issues and significant
progress has been made during the last two decades. This work has been focused on
the electrochemical performance of alloy anodes including first-cycle irreversible
capacity loss, cycle life, rate capacity, and anode-design methodology and has
achieved great success in the areas of intermetallics [12], and silicon-based or tinbased anode [13,14]. As a result, the electrochemical performance of alloy anodes
has been significantly improved in recent years.
Some metallic elements (M) can react with lithium to form LixMy alloys, and we call
them lithium-ion metal alloys. They have been widely studied since the 1970s [6].
The reaction usually proceeds reversibly according to the general scheme below:
LixM ↔ xLi+ + xe- + M

（2.11）

(M= Al, Si, Sn, Pb, In, Bi, Sb, Ag, and some multinary alloys)

During charging of the battery, in this case, lithium ions from the organic electrolyte
are absorbed by the anode, forming an intermetallide, whereas during discharging,
the anode dissolves forming Li+ ions:
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LixM ↔ Lix-yM + yLi+ + ye-

（2.12）

A number of reports have been published on the characteristics of electrodes made
from various lithium alloys. These studies concern the thermodynamic characteristics
of the alloys and their reversibility in the charge-discharge cycle. For example, Sn
can alloy with lithium to form different LixSn alloys: Li5Sn2, Li7Sn2, Li7Sn2, and
Li13Sn5. Severe volume expansion and contraction cause cracking of alloy particles,
damage the integrity of the electrode, and limit the cycle life of the alloy electrode.
Finely dispersing the active lithium-alloying element in an inactive composite matrix
can solve this problem [15].
2.2.2

Carbon Anode Materials

Carbonaceous-based materials are presently the preferred materials for producing
anodes in rechargeable lithium batteries, as they have been since the
commercialization of the Li-ion battery by Sony laboratories in 1990 [16]. This is
mainly due to the following reasons:
(a) Low cost
(b) Environment friendliness
(c) Low electrode potential relative to lithium metal
(d) Long plateau in voltage profiles
(e) Higher specific charge compared to transition metal oxides or
transition metal sulphides
Considerable research has been carried out to find alternative materials to substitute
for the presently used carbonaceous anode electrode composites [17,18]. Carbon is
the most widespread element in Nature. It has a large variety of complex structures
due to the various sources and methods of preparation, such graphite, oil, pitch, coal
tar, benzene, polymer resins, etc. The quality of lithium intercalation and deintercalation depends strongly on the crystalline phase, microstructure, and micromorphology of the carbonaceous materials [6]. Figure 2.5 shows three different types
of carbons which are used in lithium-ion batteries.
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Figure 2.5 Schematic diagram of the structures of three types of carbon [19]

Graphitized mesophase microbead (MCMB) is a commercial anode material used for
lithium ion batteries [20]. It has near-theoretical reversible capacity, as determined at
low current density. MCMB has highly crystalline large particles, associated with
many active sites, which improves the intercalation/deintercalation of lithium ions.
However, at high current density, it has a high irreversible capacity of ~50mAh/g
[21]. This is because at high current density, the large particles are responsible for
the length of the diffusion paths associated with lithium ion intercalation/deintercalation, causing lithium ion intercalation/de-intercalation to fail over a short
period.
Recent reports have shown that graphene, a single layer of carbon (two-dimensional,
single atomic layer, graphene structure), is a potential electrode material for Li-ion
battery application, primarily due to its superior electrical conductivity, high surface
area, and broad electrochemical window [22,23]. Chemical reduction of graphite
oxide resulting in high surface area (few layers) reduced graphite oxide has been the
predominant synthesis method for graphene electrodes for Li battery application
[24]. Besides studying the preparation and physical and chemical characterization of
graphene, people have started to focus on its applications as well. Very recently,
graphene nanosheets, prepared via oxidative exfoliation of graphite and subsequent
chemical reduction, have been selected as anode materials in rechargeable lithium
batteries [25]. For instance, Sn/graphene nanocomposite electrode has a high lithium
storage capacity of 795 mAh/g in the second cycle and 508 mAh/g in the 100th cycle,
which represents much improved performance compared to bare Sn electrode [26].
Graphene-based electrode materials with high energy density, good safety, and
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excellent performance will become one of the most competitive candidates to be
commercialized in the near future.

2.2.3

Metal oxide anode materials

Some transition metal oxides (FeO, CoO, NiO, CuO, etc.) can reversibly react with
lithium in lithium batteries and might be used as anode materials for lithium-ion
batteries. These transition metal oxides usually exhibit a large rechargeable capacity.
For instance, the capacity of CoO can reach 700 mAh/g, more than twice that of
graphite. In addition, these materials also show excellent cycling stability; they can
be cycled hundreds of times with little capacity fading. Grugeon [27] reported that
Cu2O, which was prepared by the polyol process, had a capacity of ~ 400 mAh/g
after 100 cycles. Therefore, transition metal oxides are attractive anode materials for
lithium-ion batteries.
In the batteries, the transition metal cations migrate from the tetrahedral to the empty
octahedral sites during Li+ insertion. They can take up Li+ at a relatively low voltage,
but the reaction mechanism involves decomposition. The typical equation is as
follows:
MxOy + 2yLi → xM + yLi2O

(2.13)

M = Fe, Co, Ni, Cu, etc.
Nanostructure facilitates the decomposition of Li2O during the oxidation process,
thereby making the reaction reversible at room temperature.

Tin-based amorphous composite oxide are another set of candidates. This family
provides a specific capacity for reversible lithium adsorption more than 50 percent
higher than that found in carbon families. For instance, SnO2 is a popular materials
for anode materials, as it has a high theoretical gravimetric lithium storage capacity
of 782 mAh/g more than twice that of the currently commercialized graphite (372
mAh/g) with its low potential of lithium ion intercalation,. It is well established that
there are two-step reactions involved in the SnO2-based working electrode. The first
irreversible reaction is responsible for severe capacity loss in the first few cycles.
This actually results from the formation of electrochemically inactive Li2O. The
second reaction is reversible, with lithium ions repeatedly stored and released
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between alloying and de-alloying processes. Equation 2.14 shows how SnO2 works
in lithium batteries:
8.4Li + SnO2  2Li2O + Li4.4Sn ↔ 2Li2O + 4.4Li + Sn

(2.14)

However, an intrinsically induced drastic volume change causes a so-called
pulverization problem, which blocks the electrical contact pathways in the electrode
and leads to rapid deterioration in capacity. To enhance the cyclability of the
electrode, hybridizing SnO2 with carbon is effective, but this approach sacrifices the
capacity itself due to the introduction of carbon and usually involves complicated
fabrication.
TiO2 is regarded as another promising candidate anode material. It retains the
advantages of Li4Ti5O12, with low cost, low toxicity, and high safety, and presents
moreover a higher theoretical capacity (335 mAh/g instead of 175 mAh/g for
Li4Ti5O12) close to that of graphite. In batteries with a graphite anode, low operating
voltage (< 1V) causes the electrolyte to decompose and form an unstable SEI layer
on the anode’s surface [ 28 ]. Electrolyte decomposition releases gases, building
pressure in the cell, and the formation of an unstable solid-electrolyte interphase
layer promotes electrolyte decomposition, exacerbating the pressure build-up and
endangering the safety of the battery system during prolonged cycling. In this regard,
the higher operating voltage of the titanium oxide anode is in fact an advantage over
graphite, as the safety and the stability issues outweigh the energy density for
stationary energy storage applications. The electrochemical performance of TiO2
strongly depends on the particles’ morphology; consequently, research on this
material is focused on textured forms.

2.3 Cathode Materials

Cathode electrode materials for Li-ion lithium batteries have been the object of
comprehensive study, as they play an important role in the operation of lithium-ion
batteries. They offer lithium ion sources (Li+) for the Li-ion “shuttle” between the
cathode and the anode. Good cathode materials must meet the following
requirements:
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(a) Stable structure for repeated Li-ion intercalation/de-intercalation
(b) High potential relative to Li/Li+ reference electrode
(c) High capacity to contain Li+
(d) High electronic conductivity
(e) High lithium chemical diffusion coefficient
(f) Low cost, safety
At present, the three major structures of cathode materials are olivines, spinels, and
layered structured oxides.

Figure 2.6 Layered (a), spinel (b) and olivine (c) structures of positive electrode
materials for lithium batteries.

2.3.1 Layered Oxides
The most common layered material used as cathode in commercial lithium-ion cells
is layered LiCoO2. In layered LiMO2 (M = Co, Mn), the lithium and the metallic
(M3+) ions occupy alternate (111) planes of the cubic rock salt structure. The lithium
ion intercalates into or de-intercalates reversibly from the MO2 layers.
yC + LiCoO2 ↔ LiXCy + Li(1-x)MO2, x ≈ 0.5, y = 6, voltage ≈ 3.7V

(2.15)

Fig. 2.7 (A) shows that the redox process at the MCMB anode evolves around 0.05V
vs. Li and that at the LiCoO2 cathode evolves at about 4 V vs. Li. The onset of the
current in the electrolyte reveals the occurrence of either reductive or oxidative
decomposition processes that define its stability domain. The Figure shows that the
electrolyte domain extends from about 0.8 V vs. Li to 4.5 V vs. Li and that the
MCMB anode operates well outside the stability of the electrolyte, while the cathode
is just at its limit. Fig. 2.7(B) shows the voltage ranges of the MCMB anode and the
LiCoO2 cathode, in comparison with the stability window of the most common
organic

liquid

electrolytes.

It

follows

that

the

C/LiCoO2

battery

is
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thermodynamically unstable in these electrolytes. In addition, LiCoO2 has the
disadvantages of its high cost, toxicity, and poor safety, which make it unsuitable for
large-scale energy-storage applications such as for electric and hybrid electric
vehicles (EVs/HEVs) [29].

Figure 2.7 (A) Cyclic voltammetry profiles (potential vs. Li/Li+) of lithium ion
battery components: anode and cathode (green), electrolyte (blue). Counter electrode:
super P carbon; electrolyte: ethylene carbonate and dimethyl carbonate (EC-DMC)
with LiPF6. (B) Voltage operation ranges of the C/LiCoO2 electrode combination in
comparison with the stability domain of most common liquid electrolytes.

In general, LiCoO2 is prepared by solid state reaction at high temperature. This
methodology is a simple and inexpensive method, the precursors being simply
ground and mixed together before being calcined at high temperature. Solid state
reactions to afford LiCoO2 may start from many different precursors, such as Li2O
and CoO, Li2CO3 and Co3O4, Li2CO3 and Co, LiOH and Co3O4, and others, but
independent of the Co precursor, the LiCoO2 formation reaction occurs through the
reaction of the Li precursor and Co3O4 [30]. Owing to insufficient mixing, low
reactivity of the starting materials, and calcination at 850-900°C for several hours,
LiCoO2 produced by solid state reaction usually features non-homogeneity, irregular
morphology, and a broad particle size distribution, and these characteristics
significantly influence the electrochemical properties of the product. Taking into
account these advantages, alternative methodologies for solid-state preparation have
been proposed in order to synthesize lithium cobalt oxide particles on the micrometer
scale, these include sol-gel [31,32], the water-in-oil emulsion process [33], the
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emulsion drying method [34], and electrostatic spray deposition [35,36]. Although
these methods require a much shorter calcination time and lower calcination
temperature, the synthesis of particles with sizes under 100 nm is very hard due to
their tendency to agglomerate; therefore, the search for new synthetic methodologies
or just modifications of the old ones is still necessary.

2.3.2 Spinel Oxides
LiMn2O4 is a new material for the Li+ ion battery, which has a spinel phase. Spinel
LiMn2O4 has a cubic spinel structure (Fd 2/3 m), where Li+ ions occupy the 8a
tetrahedral sites with manganese occupying the octahedral 16d octahedral sites, while
the other type of octahedral site (16c) is vacant. When Li+ diffuses within the
structure, it first moves from the 8a site to the neighbouring empty octahedral 16c
site, and then to the next 8a site, in such a way that the Li+ ion takes the diffusion
path (8s-16c-8a).
In view of its favourable properties, which include easy availability of raw materials
and environmental compatibility, this manganese oxide appears to be an almost ideal
substitute for the commonly used, expensive, and partially toxic lithium cobalt oxide
[37]. Unfortunately, the wide use of lithium manganese spinel is limited by some
operational issues, with the most serious being manganese dissolution into the
electrolyte upon cycling in a lithium cell, especially at temperatures above ambient.
This phenomenon is reflected by the poor cycle life of the cell, and thus, the practical
use of this cathode is limited in commercial markets [38].
Traditionally, spinels are produced by annealing lithium compounds (LiOH, Li 2CO3,
Li2NO3, LiI) with manganese oxides, acetates, or hydroxides. This annealing process,
done in air at high temperature, affects both the morphology and the structural
characteristics of the target product. These conventional solid state methods are not
relevant to the production of nanosized spinel LiMn2O4, since repeated heat
treatments at high temperatures are necessary, which leads to large particle size,
inhomogeneity, irregular morphology, and a broad particle size distribution [39, 40].
Thus, the sustained efforts of many researchers have gone into the development of
new synthetic methods to yield nanocrystalline LiMn2O4 particles, such as the
acetate based chemical solution route [41], the reduction of manganese dioxide by
glucose [42], the modified citrate route [43], ultrasonic spray pyrolysis [44], the sogel method using citric acid, the nitrate based chemical solution route [ 45 ],
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mechanochemical synthesis [46], self-combustion reaction [47], the glycine nitrate
combustion process [48] and solid state reaction followed by ball milling [49].
Depending on the synthetic procedure, nanosized LiMn2O4 with different physical
and chemical properties, such as crystallinity, amount of combined water, specific
surface area, porosity and conductivity were obtained [50]. These characteristics
affect the electrochemical properties of the resulting cell containing these materials
in the cathode, but it is certain that their small size is crucial for improving the
electrochemical

performance

compared

with

batteries

using

conventional

microcrystalline particles.
Most recently, much work has been focused on lithium transition metal oxides,
LiM2O4, with spinel structure. In general, the smaller and more homogeneous
LiMn2O4 nanoparticles with porous structure are better materials for use in cathodes,
since the sum of these features would reduce the Jahn-Teller effect and the diffusion
length for Li ions [59].
Another promising example in the manganese family is lithium nickel manganese
oxide, LiNi0.5Mn1.5O4, which adopts a spinel structure [ 51 ]. This material is
characterized by a two-phase electrochemical process, which is reflected in a flat
voltage profile evolving around 4.5 V vs. Li. The theoretical specific capacity is 146
mAh/g. However, the key difference is in the high operational voltage, which makes
LiNi0.5Mn1.5O4 a very interesting material due to its potential for assuring a
substantial increase in energy density, such as 30% more than what is associated with
conventional lithium manganese spinel. On the other hand, the practical use of this
cathode material may be prevented by the lack of suitable electrolyte media, since
the presently available organic carbonate solutions are not totally compatible with the
high voltage of the lithium nickel manganese oxide, especially in the course of its
charge process [52].

2.3.3 Olivines
In the search for new cathodes, attention has been directed to materials of the olivine
family. The olivine structured LiMPO4 (M: Fe, Mn, Co, etc.) is far more stable than
conventional cathodes such as layered LiMO2 (M: Co, Ni, Mn) or spinel LiMn2O4
type cathodes. LiFePO4 is one of the most recent materials reported as cathode for
the rechargeable lithium-ion battery. This is due to the many advantageous features
of this compound, which include [53,54]:
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(a) reasonably high capacity (~170 mAh/g)
(b) a two- phase electrochemical process which evolves with a flat 3.5 V vs. Li
voltage
(c) a cost which, in principle, is lower than that of LiCoO2, and most significantly
(d) high intrinsic safety ( since the strength of the P-O covalent bond rules out
any risk of oxygen release)

Figure 2.8 Polyhedral representation of the structure of LiFePO4. The iron octahedra,
phosphate tetrahedra, and lithium ions are shown in blue, yellow, and green,
respectively [55].

The olivine structure of LiFePO4 features a hexagonal-close-packed oxygen array
with corner-sharing FeO6 octahedra and PO4 tetrahedra. The lithium ions are
octahedrally coordinated to oxygen, forming edge-sharing chains of LiO8 octahedra.
In a lithium cell, electrochemical extraction of lithium from LiFePO4 is accompanied
by a direct transition to FePO4, in which the Fe2+ ions are oxidized to Fe3+, leaving
the olivine FePO4 framework intact. The diffusion pathway for the lithium ion in
LiFePO4 was only recently discussed in one paper, where a one-dimensional
diffusion mechanism is proposed, distinct from the two-dimension diffusion plane
observed in layered transition metals oxides and the three dimensional diffusion
channels in spinel LiMn2O4.
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However, LiFePO4 has poor electronic conductivity (σ ≈ 10-9 S cm-1), and thus its
electrochemical performance is limited, resulting in poor rate capability [56]. In
order to enhance and optimize the electronic conductivity of LiFePO4, several groups
have dedicated their research efforts to this material. Up to now, there has been no
way to change intrinsically the electrical conductivity of LiFePO4. Thus, two
alternative methods have been reported. One is the reduction of the grain size of the
sample and consequently the diminution of the diffusion length, both for electrons
and ions [57], and the other is the manufacture of nanocomposites of LiFePO 4 with a
conductive phase, such as carbon.
Carbon-coated LiFePO4 is an attractive cathode material for application in batteries
designed for high power applications. Effectively, LiFePO4 is already in commercial
use in batteries for power tools and small vehicles [58]. On the other hand, because
of the low values of the tap density and of the operational voltage, LiFePO4 suffers
from low volumetric energy density and thus, is not appropriate for applications that
require high energy such as those related to EVs. Attention has also been focused on
other compounds, such as LiMnPO4 and LiCoPO4.
Usually, bulk LiFePO4 is prepared by solid-state methods, where a stoichiometric
mixture of an iron compound, ammonium dihydrogen phosphate, NH4.H2PO4, and
lithium hydroxide is heated and calcined several times [ 59]. Depending on the
synthetic conditions, the capacity of the LiFePO4 can reach high values, such as 115
mA h/g.[60]
Recently, nanocrystalline LiFePO4 powders were prepared by two different methods.
One involved the heating of amorphous nano-sized LiFePO4 prepared by chemical
lithiation of amorphous FePO4 at 550 °C for different periods [61], and the other was
a liquid phase methodology [62]. The nanoparticles (100-150 nm) prepared by the
first method have shown an excellent capacity of 160 mAh/g with mild capacity loss.
The same material prepared by the second methodology (5-50 nm) has exhibited
structural stability with no capacity loss during the cycling process, in spite of its low
specific capacity (90 mAh/g)
LiFePO4/C batteries are in the catalogue list of many battery manufacturers in
Europe, Asia and the United States, where they are intended to meet the requirements
of some niche electronic markets and, in most cases, to enter the race for supplying
hybrid electric vehicles (HEVs) [63]. Indeed, various joint ventures between lithium
battery manufacturers and car companies are underway for marketing lithium

22

battery-powered HEVs and plug-in HEVs (PHEVs). Although the chemistry of the
lithium batteries to be used in these projects has generally not been released, it is
reasonable to suppose that in most cases, lithium iron phosphate is the cathode of
choice.

2.3.4 Vanadium Oxides
Vanadium forms several binary oxides. Among several known vanadium oxides,
metastable oxides, designated as VO2, V6O13, V2O5 and V3O8 are the most interesting
cathode materials for lithium ion batteries [64].
Among these vanadium derivatives, V2O5 has been the most studied, in spite of its
low discharge voltage, low electric conductivity, and slow diffusion kinetics for
lithium ions [65]. In general, nanotubes of V2O5 are prepared by the sol-gel method
from the hydrolysis of vanadium (V) triisopropoxide [66] [67]. Some authors have
used hexadecylamine as a templating molecule, while others used microporous
polycarbonate filtration membranes [68]. The electrochemical data obtained for the
material prepared in the presence of the primary amine have shown marked fading
under cycling, probably due to the presence of residual organic material. The
problem is avoided when synthetic membranes are used for the template, and initial
capacity higher than 200 mAh/g and excellent reversibility for at least 100 cycles
have resulted. In addition to the well-known synthesis of vanadium pentoxide
nanotubes starting from vanadium (V) alkoxides, two alternative routes that involve
using two novel non-alkoxide reagents, VOCl3 and commercial V2O5 as the
vanadium source, and primary amines as templates or intercalates have been
proposed [69]. The advantages of these nanotubes are quite similar to those of
nanotubes obtained from vanadium (V) alkoxides. The average lengths were smaller
than for other nanotubes synthesized using conventional starting materials.
There are two different nanocomposites of vanadium pentoxide described in the
literature. One is composed of nanofibers of vanadium pentoxide and a conducting
polymer, polyaniline [70] while the other uses single-wall nanotubes to electrically
“wire” the poorly conducting V2O5 nanoparticles.
VO2 has emerged as another good option as a cathode material for lithium ion
batteries since 1996 [71]. Its structure is built up from distorted VO6 octahedra that
share corners and edges, where lithium ions can occupy both octahedral and tetrahedral sites. Commonly, VO2 is obtained from the reduction of potassium vanadate
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(K3VO4) using potassium borohydride in aqueous media. When this compound is
heated above 350°C, it begins to transform irreversibly to the more stable rutile,
which is attractive as a cathode [ 72 ]. Because of this, the methodology for
synthesizing VO2 is the key point, and the search for new methods is still of interest.
Following this conventional methodology, metastable VO2 was prepared using two
different reducing agents, KBH4 and sodium dithionite [73]. The observed capacities
were higher than that of bulk VO2 [74]. In addition, comparing the electrochemical
performance of lithium cells using these two samples of VO2, it is evident that he
powder prepared with sodium dithionite in LiOH medium exhibited slightly higher
capacity than the sample prepared with KBH4.
Another promising example which has layered structure and operates via a typical
lithium insertion-deinsertion electrochemical process is LiV3O8. This compound is
formed from distorted [VO6] octahedra connected via shared edges and vertices to
form [V3O8] - strands that are stacked one upon another to form quasi-layers, where
lithium ions are situated. During lithiation, the V3O8 framework remains intact and
there is no change in the unit cell volume. These features make the compound
attractive for possible use as cathode in lithium ion batteries [75,76].
The conventional method used to prepare LiV3O8 involves a reaction between
Li2CO3 and V2O5 at high temperature [77]. In general, large particles are obtained
due to the use of high temperature. The post treatments have a significant influence
on the electrochemical properties of LiV3O8 too. Several reports have mentioned the
importance of both crystallinity and particle size for the electrochemical properties of
this material [78].
LiV3O8 nanorods were prepared from a mixture of LiOH, V2O5, and NH4OH by
hydrothermal reaction, followed by evaporation and subsequent calcinations at
different temperatures. The sample heated at 300°C afforded the best electrochemical
performance, showing a high discharge capacity of 300 mAh/g in the range of 1.84.0 V and 92% capacity retention after 30 cycles. It was reported that heat treatment
performed at high temperatures caused changes in the LiV3O8 crystallinity and
morphology and larger and more crystalline particles are obtained at 600 °C. Both
the small size and the disordered structure are responsible for this appreciable
electrochemical response.
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2.4 Binder for the lithium battery

In the preparation of a battery cell the active anode particles are mixed with
conductive carbon particles and a binder (5-15%). The conventional binder used for
graphite and alloy anodes is polyvinylidene fluoride (PVDF), a thermoplastic
material with poor elastomeric properties. It is thus reasonable to expect that an
alternative elastomer binder may have a better ability to accommodate the large
volume changes of alloy particles than PVDF [79]. This idea has proven effective for
improving the cycling stability of different alloy anodes by using cross-linking
polymers and an elastomer binder system [80]. However, the concept was challenged
by the finding that stiff, brittle sodium carboxymethyl cellulose (CMC) binder was
even more effective in enhancing the capacity retention of Si anode than either
PVDF or styrene-butadiene rubber (SBR) elastomer binder. [ 81 ] This finding
suggests that other factors play an important role in addition to elastic elongation.
The CMC binder may act as a surface modifier promoting the formation of a stable
SEI passive layer. Lestriez et al. [82] believed that the extended conformation of
CMC in solution led to a more homogeneous dispersion and networking of the
conductive carbon and active particles. Winter et al. [83] reported that the formation
of a strong chemical bond between the binder and the active particles (Si) was the
major reason for the improved reversibility for Si/C electrode prepared with CMC
binder. They suggested that the cohesive strength between the binder and the active
particles is an important factor. This hypothesis was supported by a previous report
that replacing PVDF binder with a modified acrylic adhesive increased the capacity
retention of a Si/C electrode from 67% to 90% (50 cycles). By the same token, the
use of a high-strength polyamide-imide (PAI) binder instead of PVDF increased the
initial coulombic efficiency of a Si-based electrode from 29% to 75%. In a recent
paper, it is reported that a lithium polyacrylate (Li-PAA) binder performed even
better than CMC binder [84]. An amorphous SnCoC electrode using Li-PAA binder
showed excellent capacity retention of 450 mAh/g for up to at least 100 cycles as
compared to less than 20 cycles when using PVDF or CMC binders. These results
indicated that the choice of binder system has a significant impact on the
performance of active materials. More studies are needed to understand the
promoting effects of different binder systems.
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2.5 Electrolyte for lithium battery

In addition to the binder, the electrolyte composition also has an important effect on
the cycling stability of lithium batteries [85]. The most widely used electrolyte for
lithium ion batteries is LiPF6 dissolved in carbonates, such as ethylene carbonate
(EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC). This electrolyte has
very good performance under most conditions, but the low temperature performance
is limited below -20 C. The poor performance of lithium batteries at low
temperature results not only from the high viscosity and low transference of the Li+
ions in the electrolyte, but also from the high de-solvation energy of the Li+. The
electrolyte composition plays an important role in the cycling stability of lithium ion
batteries.
Moreover, the electrolyte is critical for the safety of lithium batteries. Concerns about
present LiFP6-organic carbonate solution electrolytes are:
(a) The relatively narrow stability domain prevents the use of high voltage cathodes
(b)The high vapour pressure and the flammability affect safety and health, and
result in serious manipulation hazards.
Considerable efforts are underway to improve the safety and reliability of the Liion battery electrolytes, including:
(a) additives to build-up a stable SEI and/or enhance its thermal stability
(b) redox shuttles to protect from overcharge
(c) shut-down separators to prevent thermal runaway
(d) lithium salts as an alternative to LiPF6 to reduce toxicity
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CHAPTER 3 EXPERIMENTAL
3.1 Materials and chemicals

The materials, chemicals and regents used in this study are listed in Table 3.1
Table 3.1 Description of chemicals used in my Master’s study
Materials/Chemicals

Formula

Purity (%)

Supplier

Tin(II) chloride

SnCl2*2H2O

>96%

Fluka

Sodium borohydride

NaBH4

~98%

Sigma

Iron(III) chloride

FeCl3

97%

Aldrich

Tetrabutylammonium

(CH3CH2CH2CH2)4N(PF6)

>99%

Fluka

dihydrate

hexafluorophosphate
Polyvinylpyrrolidone

(C6H9NO)n

Sigma-Aldrich

Lithium hydroxide

LiOH*H2O

98%

Aldrich

Propylene carbonate

C4H6O3

99.7%

Sigma-Aldrich

Vanadium(V) oxide

V2O5

99.5

RiedeldeHaen

1-butanol

C4H10O

>99.0%

Sigma-Aldrich

Aniline

C6H7N

99.0

Sigma

Ammonium persulfate

(NH4)2S2O8

>98.5%

Sigma-Aldrich

Hydrochloric acid

HCl

4mol/liter

Fluka

Copper(II) sulphate

CuSO4*5H2O

99%

Sigma-Aldrich

SC(NH2)2

>95%

Sigma-Aldrich

pentahydrate
Thiourea

Poly(vinylidene) fluoride (CH2CF2)n

Sigma-Aldrich

(PVDF)
Carboxymethyl cellulose

Sigma

(CMC)
Lithium metal

Li

China

Copper foil

Cu

China

Aluminium foil

Al

China
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Carbon black

C

Timcal,
Belgium

Electrolyte

1.0

M

LiPF6

in

1:1

China

EC/DMC

3.2 Materials synthesis techniques
3.2.1 One-pot synthesis
One-pot synthesis is a strategy to improve the efficiency of a chemical reaction, in
which a reactant is subjected to successive chemical reactions in just one reactor. It
can save time and resources while increasing chemical yield.
Sn nanoparticles were prepared by one-pot synthesis by employing SnCl2 as a
precursor, sodium borohydride as a reducing agent, and poly-(vinylpyrrolidone)
(PVP) as a surfactant under mild conditions at room temperature. As-prepared
polypyrrol powders were dispersed in the SnCl2 solution. Sn particles are formed
immediately by a rapid injection of a mixture of SnCl2, PVP and polypyrrol into an
aqueous solution. Simultaneously, the newly formed Sn particles coat the polypyrrol
surfaces.

3.2.2 Hydrothermal synthesis
Hydrothermal processes are based on water and temperature. Hydrothermal synthesis
can be defined as a method of synthesis of single crystals that depends on the
solubility of minerals in hot water under high pressure. The crystal growth is
performed in an apparatus consisting of a steel pressure vessel called an autoclave, in
which a nutrient is supplied along with water. A gradient of temperature is
maintained at the opposite ends of the growth chamber, so that the hotter end
dissolves the nutrient and the cooler end causes seeds to undergo additional growth.
Nanocrystalline copper sulphur (CuS) was synthesized by the hydrothermal process.
A Teflon lined autoclave (Parr Instrument Company, USA) was used at the high
temperature of 160 °C. The ingredient reagents CuSO4*5H2O, thiourea and deionized water were loaded into the autoclave. The autoclave was heated at 130 °C for
6 hours. After cooling down to room temperature, the reaction product was taken out,
washed thoroughly with distilled water, and dried in a vacuum oven.
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VO2 nanorod precursor for LiV3O8 was prepared by the hydrothermal method. A
mixture of V2O5 powder, 1-butanol, and water was transferred into an autoclave and
kept in an oven at 180 °C for 48 h. Then the VO2 nanorods were formed.
3.2.3 Ultrasonication
Ultrasonication offers great potential in the processing of liquids and slurries, by
improving the mixing and chemical reactions in various applications and industries.
Ultrasonication generates alternating low-pressure and high-pressure waves in
liquids, leading to the formation and violent collapse of small vacuum bubbles.
These effects are used for the de-agglomeration and milling of micrometre and
nanometre-size materials as well as for the disintegration of cells or the mixing of
reactants.
In these experiments, ultrasonication was used to mix the starting materials.

3.3 Materials characterization

3.3.1 Structure characterization
(a) X-Ray Diffraction
Single-crystal X-ray diffraction (XRD) is a technique used to solve the complete
structure of crystals, ranging from simple inorganic solids to complex
macromolecules, such as proteins.
Powder XRD is a technique used to characterise the crystallographic structure,
crystallite size (grain size), and preferred orientation in polycrystalline powdered
solid samples. Powder diffraction is commonly used to identify unknown substances,
by comparing diffraction data against a database maintained- by the International
Centre for Diffraction Data. It may also be used to characterize heterogeneous solid
mixtures to determine the relative abundance of crystalline compounds and, when
coupled with lattice refinement techniques, such as Rietveld refinement, can provide
structural information on unknown materials. Powder diffraction is also a common
method for determining strains in crystalline materials. An effect of the finite
crystallite sizes is seen as a broadening of the peaks in X-ray diffraction as is
quantified by the Scherrer Equation:
D = 0.9λ/(βcosθ)

(3.1)
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where, λ is the X-ray wavelength, β is the observed full width at half maximum, and
θ is the Bragg angle.

All material samples in this thesis were identified and characterized using a Philips
PW-1730 diffractometer (40 kV, 25 mA) with monochromatized Cu Kα radiation (λ
= 1.5418 Å) at the scan rate of 2°/min and step size of 0.02°.

(b)Raman spectroscopy
Raman spectroscopy is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a system. It relies on inelastic
scattering, or Raman scattering, of monochromatic light, usually from a laser in the
visible, near infrared, or near ultraviolet range. The laser light interacts with
molecular vibrations, phonons or other excitations in the system, resulting in the
energy of the laser photons being shifted up or down. The shift in energy gives
information about the phonon modes in the system.
The Raman spectrometer used in this study was a JOBIN YVON HR800 Confocal
Raman system with 632.8 nm diode laser excitation on a 300 lines/mm grating at
room temperature.

(c) Scanning Electron Microscopy (SEM) and Field Emission Scanning Electron
Microscopy (FESEM)
The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a
raster scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample’s surface topography,
composition and other properties such as electrical conductivity. There are many
advantages to using SEM. It produces high resolution images, allowing closely
spaced features to be examined at high magnification. The combination of higher
magnification, greater resolution, and ease of sample observation makes SEM one of
the most heavily used instruments today.
Field emission SEM (FESEM) is a high-resolution imaging technique providing
topographical and structural information from a top view or in cross-section. Often
used in conjunction with SEM, energy dispersive X-ray spectroscopy (EDX) is used
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to qualitatively and quantitatively analyze the elements present in a selected area of
an SEM image.
The type of SEM used in this thesis is a JEOL JSM-6460A, and the FESEM is a
JEOL JSM-7500FA.

(d) Transmission Electron Microscopy (TEM)
A TEM works much like a slide projector. A projector shines a beam of light through
the slide (transmission), and as the light passes through, it is affected by the
structures and objects on the slide. These effects result in only certain parts of the
light beam being transmitted through certain parts of the slide. This transmitted beam
is then projected onto the viewing screen, forming an enlarged image of the slide.
TEMs are capable of imaging at a significantly higher resolution than light
microscopes, owing to the small de Broglie wavelength of electrons. This enables the
user to examine fine detail - even as small as a single column of atoms, which is tens
of thousands of times smaller than the smallest resolvable object in a light
microscope. TEM forms a major analysis method in a range of scientific fields, in
both physical and biological science.
At smaller magnifications, the TEM image contrast is due to absorption of electrons
in the material, due to the thickness and composition of the materials. At higher
magnification complex wave interactions modulate the intensity of the image,
requiring expert analysis of observed images. Alternate modes of use allow the TEM
to observe modulations in chemical identity, crystal orientation, electronic structure
and sample induced electron phase shifts, as well as regular absorption based
imaging. These techniques require expert analysis of observed images.
Samples were investigated using a JEOL 2011 (200 kV) analytical electron
microscope and also a Zeiss microscope, a 912 Omega with ProScan, and a slow
scan charge-coupled device camera at 100 kV (ETH Zurich).

(e) Brunauer Emmett Teller (BET) Adsorption
Brunauer Emmett Teller (BET) theory aims to explain the physical adsorption of gas
on a surface and serves as the basis for an important analysis technique for the
measurements of the specific surface area of materials. Specific surface areas of the
samples were investigated by a Quantachrom Nova 1000 nitrogen gas analyzer using
the BET technique. The specific surface area was measured by 15-points nitrogen
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adsorption isotherm at 77 K after degassing the powder samples with nitrogen at
150°C.

3.3.2 Electrochemical testing
(a) Electrode preparation
The electrodes were prepared by mixing the active materials, carbon black, which
acts as the electrical conductor, and a binder, carboxymethyl cellulose (CMC) or
poly(vinylidene fluoride) (PVDF), in a solvent consisting of either water or Nmethyl-2-pyrrolidone (NMP), respectively, with a mortar and pestle. The slurry was
uniformly pasted on to pieces of copper (anode) or aluminium (cathode) foil with an
area of 1 cm2. Such prepared electrode sheets were dried at 90 °C in a vacuum oven
for 12 h. Then, the electrodes were compressed at a rate of about 300 kg cm-2 to
enhance the contact between the electrochemically active materials, the conductive
carbon black, and the current collector.

(b) Cell assembly
The electrochemical characterizations were carried out using CR2032 coin cells. The
cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) with both
water and oxygen concentrations of less than 0.1 ppm.
For anode materials, the electrolyte used was 1 M LiPF6 in a 50:50 (w/w) mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC). For cathode materials, the
electrolyte used was 2 M LiPF6 in a 2:1 (w/w) mixture of ethylene carbonate and
diethyl carbonate (DEC).

3.3.3

Electrochemical testing

(a) Charge/discharge of cells
Charge-discharge tests of the coin cells were conducted by using various voltage cutoffs on a Land battery test system at a constant current of 0.02-0.2 mA. The current
densities were determined in this work on the basis of the theoretical capacity of the
active materials.

(b) Cyclic voltammetry
Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement.
In a cyclic voltammetry experiment the working electrode potential is ramped
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linearly versus time as in linear sweep voltammetry. Cyclic voltammetry takes the
experiment a step further than linear sweep voltammetry, which ends when it reaches
a set potential. When cyclic voltammetry reaches a set potential, the working
electrode’s potential ramp is inverted. This inversion can happen multiple times
during a single experiment. The current at the working electrode is plotted versus the
applied voltage to give the cyclic voltammogram trace. Cyclic voltammetry is
generally used for characterization studies of redox reactions at electrodes in
electrochemical cells.
In this study, the CV testing was conducted at a scan rate of 0.1mV/s using a CH
Instruments Model 660 C electrochemical workstation.

(c) Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is a useful tool for examining the
dielectric properties of a medium as a function of frequency. It is based on the
interaction of an external field with the electric dipole moment of the sample, often
expressed by the permittivity.
To make an EIS measurement, a voltage between 5 and 50 mV is applied to a
specimen over a range of frequencies from 0.01 Hz to 100.00 kHz. All impedance
measures were carried out on cells in the discharged state.
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CHAPTER 4 TIN/POLYPYRROLE COMPOSITE ANODE USING SODIUM
CARBOXYMETHYL CELLULOSE BINDER FOR LITHIUM-ION
BATTERIES

4.1 Introduction

Rechargeable lithium-ion batteries (LIBs) have successfully dominated the
commercial power supply market for advanced portable electronics [86]. However, it
is still a challenge to develop large cells with high energy density, long cycle life,
excellent rate capability, low cost, and environmental compatibility for electric
vehicles (EVs) and hybrid electric vehicles (HEVs) [ 87 ]. To meet these
requirements, substantial efforts have been made to develop new electrode materials
and to design new structures for existing electrode materials [88].
As an anode material for LIBs, metallic tin (Sn) has attracted tremendous interest,
owing to its high theoretical capacity of about 990 mAh g-1, as in Li4.4Sn, which is
significantly higher than that of the currently used graphitic carbon (372 mAh g-1 for
LiC6) [89,90]. Furthermore, a significant advantage of metallic tin over graphite is
that it does not encounter solvent intercalation, which causes irreversible charge loss
[6]. Unfortunately, metallic Sn suffers from huge volumetric changes during Liinsertion/extraction cycling, which leads to rapid pulverization and poor cyclability
of the materials.[ 91 ] Typically, capacity retention can be improved via either
coating/mixing with conductive/non-conductive materials which can buffer the
volume change or using a new binder [92,93]. For example, Dahn and co-workers
reported that composite electrodes with the composition of Sn–Fe–C or Sn–Mn–C
showed improved cycling performance in lithium cells [15, 94 ]. In 2005, Sony
released a new lithium-ion battery called Nexelion, which used Sn-Co-C composite
as its anode material [95]. This further accelerated the interest in lithium alloy
electrodes. However, the rate capability of this type of material still needs to be
improved.
Recently, conducting polymer polypyrrole (PPy) has been studied as an additive to
improve the performance of cathode and anode materials in lithium-ion batteries
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[96,97]. In a study by Yuan et al [98], SnO2-based PPy composite showed improved
capacity and cycle life compared with pure SnO2, since the conductive PPy in the
composite can effectively buffer the great volume changes during the cycling
process. At the same time, PPy acts as an efficient host matrix to prevent cracking
and pulverization of the SnO2 electrode due to phase transitions, thus improving the
cycling stability of the electrode. Recently, Choi’s group reported that Sn-PPy hybrid
films had been prepared using the electrodeposition method and tested as anode
materials for lithium-ion batteries [ 99 ]. The Sn-PPy hybrid electrode showed a
capacity retention of 47%, which is a remarkably enhanced performance compared to
pure tin electrode. However, it is well known that thin film materials can only be
used for production of small batteries and are not suitable for large batteries for
EV/HEV applications. In this Chapter, nanosize Sn-PPy composite powder prepared
using a simple chemical method that involved reducing and coating Sn nanoparticles
onto the PPy surface is reported.

4.2 Experimental

4.2.1 Synthesis
Polypyrrole (PPy) was prepared by the oxidative chemical polymerization method.
First, liquid pyrrole monomers and sodium p-toluenesulfonate (PTSNa) as doping
agent were dispersed in water. A solution of FeCl3 in water was gradually added into
the mixture. The solution was then magnetically stirred for 6 h to complete the
polymerization reaction. The resultant black solid product was separated by filtration,
washed with acetone, and dried in vacuum at 60 °C.
The Sn nanoparticle/PPy (nano-Sn/PPy) composite was prepared as follows: asprepared polyprrole powders (150 mg) were added to a 20 ml solution of
SnCl2·2H2O (500 mg) and poly(vinyl pyrrolidone) (PVP) (3 g), and then an aqueous
NaBH4 (50 mg) solution (H2O, 80 ml) was added under an argon atmosphere at room
temperature. The reaction was allowed to proceed for 2 h. The final products were
then filtered, washed with de-ionized water, and dried at 70 °C in a vacuum over for
12 h. Pure nano-Sn was also prepared by a procedure similar to that for the
composite, but without adding PPy.
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4.2.2 Materials characterization
The morphology and microstructure of the nano-Sn/PPy composite were
characterized by X-ray diffraction (XRD; Philips PW1730), the Brunauer–Emmett–
Teller technique (BET; Quanta Chrome Nova 1000), scanning electron microscopy
(SEM; JEOL FESEM-7500, 30 kV, equipped with energy dispersive X-ray (EDX)
spectroscopy), transmission electron microscopy (TEM; JEOL 2011, 200 kV), and
Raman spectroscopy. Raman spectra were recorded using a JOBIN Yvon Horiba
Raman Spectrometer model HR800, employing a 10-mW helium/neon laser at
632.8 nm, which was filtered by a neutral density filter to reduce the laser intensity,
and a charge-coupled detector (CCD).

4.2.3 Electrochemical characterizations
To test the electrochemical performance, the as-prepared nano-Sn/PPy composite or
the nano-Sn were mixed at a rate of 70 wt% active materials (nano-Sn or nanoSn/PPy) with 20 wt% carbon black and 10 wt% binder, sodium carboxymethyl
cellulose (CMC) or poly(vinylidene fluoride) (PVDF). The slurry made by using
water or N-methyl-2-pyrrolidone (NMP) as solvent for CMC and PVDF, respectively,
was uniformly pasted onto pieces of Cu foil with an area of 1 cm2. Such prepared
electrode sheets were dried at 90 °C in a vacuum oven for 12 h. Then, the electrodes
were compressed before making the cells. The electrochemical cells (CR 2032 cointype cells) that were prepared for testing included the as-prepared nano-Sn/PPy
composite or the nano-Sn on copper foil as the working electrode, Li foil as the
counter and reference electrode, a porous polypropylene film as separator, and 1 M
LiPF6 (battery grade 99.99 %, Aldrich) in a 1:2 (v/v) mixture of ethylene carbonate
(EC, anhydrous 99 %, Sigma-Aldrich) and diethyl carbonate (DEC, anhydrous
99+%, Sigma-Aldrich) as the electrolyte. The cells were assembled in an Ar-filled
glove box. The cells were cycled at a current density of 0.1 C (1 C = 990 mAh g-1)
for the first 5 cycles and then cycled at different current densities for the following
cycles between 0.01 and 1.5 V, using a computer-controlled charger system
manufactured by Land Battery Testers. Electrochemical impedance spectroscopy
(EIS) was conducted using a Biologic VMP-3 electrochemical workstation. The
specific capacity is based on the weight of the nano-Sn or nano-Sn/PPy composite
material. The typical electrode weight was approximately 3 mg cm-2.
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4.3 Results and Discussion

4.3.1 Structure and morphologies
Tin nanoparticle/polypyrrole (nano-Sn/PPy) composite was prepared by chemically
reducing and coating nanosize Sn onto the PPy surface. X-ray diffraction (XRD)
patterns and Raman spectra for the nano-Sn, pristine PPy, and nano-Sn/PPy
composite are shown in Fig. 4.1. All the diffraction peaks in the XRD patterns of the
nano-Sn and nano-Sn/Ppy composite (Figure 4.1(a)) can be indexed to tetragonal Sn
phase with space group I41/amd (JCPDS no. 04-0673). No peaks of any other phases
were detected. The peaks of the composite are much broader than those of the pure
nano-Sn, indicating the much smaller crystal size of Sn in Sn/PPy composite. The
crystal size of nano-Sn and nano-Sn/PPy composite calculated via the Debye–
Scherrer equation from the (200) peak is 107.0 and 17.6 nm, respectively. The crystal
size of nano-Sn in PPy composite is much smaller than that in the pure nano-Sn. The
high background of the Sn/PPy composite at around 25° to 35° is due to the presence
of PPy. Raman spectra, as shown in Figure 4.1(b), confirmed the presence of
crystallized Sn with a band located at 206 cm-1 for both nano-Sn and Sn/PPy
composite samples. Other peaks from 800 to 1700 cm-1 can be assigned to pure PPy
[100]. The specific surface areas of the as-prepared products were measured by the
15-point Brunauer-Emmett-Teller (BET) N2 adsorption method. The specific surface
area of nano-Sn and nano-Sn/PPy composite is 6.0 and 25.0 m2 g-1, respectively. The
composite shows much higher surface area than the pure nano-Sn sample. This
probably is due to the porous high surface area of PPy and the much smaller crystal
size of Sn in the nano-Sn/PPy composite sample. The weight content of Sn in the
composite was quantitatively analyzed by chemical analysis. The composite was
dispersed in diluted HCl, through which the Sn was dissolved. Then, the dispersion
was filtered, washed with de-ionised water, and finally dried in a vacuum oven at
60 °C for 12 h. The filtered material only contains PPy. Therefore, by weighing the
dried material, the content of PPy in the as-prepared composite was determined to be
approximately 25%.
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Figure 4.1 XRD patterns (a) and Raman spectra (b) of nano-Sn, PPy, and Sn/PPy
composite.

Typical scanning electron microscope (SEM) images of the PPy, nano-Sn, and nanoSn/PPy composite are shown in Figure 4.2. Figure 4.2(a) shows the typical
morphology of PPy, with an average particle size of around 500 nm. Figure 4.2(b)
shows Sn nanoparticles which are agglomerated together. The average particle size is
around 30-50 nm. Figure 4.2(c) displays an SEM image of the nano-Sn/PPy
composite. The morphology of the composite is similar to that of PPy.

The

difference is that the nano-Sn/PPy composite shows a much rougher surface with
small particles attached to the surface of the PPy. The small particles could be Sn
nanoparticles.
In order to further confirm the presence of Sn, energy dispersive X-ray (EDX)
mapping was used to see the distribution of Sn. The results are shown in Figure 4.3.
The color points are due to the presence of the element. The elements N and C are
present due to the presence of PPy. It can be seen that the Sn is homogenously
distributed on the surface of the PPy particles.
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Figure 4.2 SEM images of PPy (a), nano-Sn (b), and nano-Sn/PPy composite (c). The
scale bars are all 100 nm.

Figure 4.3 SEM image (a), and EDX mapping of nano-Sn/Ppy composite for the
elements Sn (b), C (c), and N (d).
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Transmission electron microscopy (TEM) was used to further confirm the presence
of Sn nanoparticles in the composite. The Sn/PPy composite was ground using a
mortar, suspended in ethanol via ultrasonication, and loaded onto a holey carbon
support film on a copper grid for TEM observations. Typical TEM images are shown
in Figure 4.4. Figure 4.4(a) shows a low magnification TEM image. There is
different contrast because the particle is composed of two types of materials. The
darker spots are Sn nanoparticles, while the gray background is PPy particles. Fig.
4.4(b) contains a high resolution TEM (HRTEM) image of the edge of a particle.
Lattice fringes can be observed for the Sn nanoparticles, indicating the crystalline
structure of the Sn. The crystal size is from 10 to 20 nm, which is in good agreement
with the XRD results.

Figure 4.4 Typical TEM (a) and HRTEM (b) images of nano-Sn/PPy composite.

4.3.2 Electrochemical characterization
Figure 4.5 shows the charge-discharge curves for the nano-Sn and nano-Sn/Ppy
composite electrodes using CMC and PVDF as binder, respectively. The pure nanoSn electrode with PVDF as binder (Figure. 4.5(a)) shows multistep charge and
discharge curves, which are similar to those in Yuan et report [101]. The nano-Sn
electrode using CMC as binder shows a similar curve, but with much higher capacity
and better retention. The initial discharge capacity of nano-Sn using PVDF and CMC
as binder is 1079 and 1142 mAh g-1, respectively. The second cycle discharge
capacity is 630 and 752 mAh g-1, respectively. The reversible capacity for nano-Sn
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electrode using PVDF and CMC as binder is 58.4% and 65.8% of initial capacity,
respectively. These present results show the great enhancement of electrochemical
performance, including both initial capacity and reversible capacity, when CMC is
used as the binder for Sn nanoparticles.
Figure 4.5(c) and (d) display the charge and discharge curves of nano-Sn/PPy
composite electrode using PVDF and CMC as binder, respectively. The charge and
discharge curves appear to be sloping curves with no obvious multiple plateaus,
which is different from what is seen for the nano-Sn electrode. The initial discharge
capacities of nano-Sn/PPy composite electrodes using PVDF and CMC as binder are
1215 and 1394 mAh g-1, respectively, which is ~200 mAh g-1 higher than for the
nano-Sn electrode. This additional ~200 mAh g-1 capacity is mainly coming from
voltages higher than 0.6 V, in which range the capacity is mainly due to the
formation of the solid electrolyte interphase (SEI) layer, because the capacity
contribution from pure PPy is negligible. Since the Sn/PPy composite features much
higher surface area, the formation of the SEI layer in the composite electrode is much
more intense than in the pure nano-Sn electrode. Therefore, the initial discharge
capacity of the Sn/PPy composite electrode is much higher than that of the nano-Sn
electrode. The second cycle discharge capacities of Sn/PPy composite electrodes
using PVDF and CMC as binder are both ~700 mAh g-1. This value is higher than for
the nano-Sn electrode using PVDF as binder, but lower than that of the nano-Sn
electrode using CMC as binder. That is to say, CMC binder and Sn/PPy composite
can both improve the reversible capacity of Sn-based materials.
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Figure 4.5 Charge-discharge curves of nano Sn (a, b) and nano-Sn/PPy composite (c,
d) using PVDF (a, c) and CMC (b, d) as binder with current density of 0.05 C for the
first cycle and 0.1 C for the following cycles, respectively.

The dQ/dV plots corresponding to the charge and discharge curves in Figure 4.5 are
shown in Figure 4.6. The dQ/dV curves for nano-Sn electrode using PVDF as binder
(Figure 4.6(a)) are in good agreement with a previous report [102]. During the initial
complete scan, the first peak at around 1.05 V vs. Li/Li+ is probably due to the
irreversible reactions between lithium and the surface species of the Sn nanoparticles.
The small peak at 0.5-0.6 V is related to SEI layer formation. A sharp peak at 0.33 V
is due to the phase transition of LixSn. During the second discharge, two peaks are
observed at 0.65 and 0.4 V, in contrast to the first discharge. Four sharp peaks are
observed in the charge process, indicating the multistep nature of the phase change.
The nano-Sn electrode using CMC as binder shows similar dQ/dV plots in terms of
peak position, indicating that the electrochemical reactions for both binders are
similar, while the intensities of the peaks are higher than those for the PVDF
electrode, indicating the better cycling stability.
Figure 4.6(c) and (d) presents the dQ/dV plots of the Sn/PPy composite electrodes
using PVDF and CMC as binder, respectively. It should be noted that the differential
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plots for the composite show suppression of the sharp peaks of pure nano-Sn. There
are only two peaks that can be clearly observed during the charge process.
Furthermore, the peak positions are also shifted, due to the change in the phase
transition voltages. Similar behavior was reported for the Sn-C composite, with
suppressed phase transitions or changes in the phase transition voltages [103]. This
may be because the PPy composite may be able to influence the overall phasechange rate. The peak intensities of the nano-Sn/PPy composite using CMC as binder
show better stability than those of the electrode using PVDF as binder, indicating the
better capacity retention of nano-Sn/PPy composite electrode using CMC as binder.

Figure 4.6 dQ/dV plots of Sn (a, b) and nano-Sn/Ppy composite (c, d) using PVDF
(a, c) and CMC (b, d) as binder, respectively.

The cycling stabilities of the nano-Sn and the nano-Sn/PPy composite using CMC as
binder are shown in Figure 4.7. The discharge capacity of the nano-Sn/PPy
composite using CMC and PVDF as binder at the 50th cycle is ~400 and ~250 mAh
g-1, respectively, while that of the nano-Sn using CMC and PVDF as binder at the
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50th cycle is only ~210 and ~150 mAh g-1, respectively. The capacity retention is in
the order of nano-Sn/PPy-CMC > nano-Sn/PPy-PVDF > nano-Sn-CMC > nano-SnPVDF. The coulombic efficiency for nano-Sn/PPy and nano-Sn using CMC as
binder is around 98.7% and 95.6%, respectively, indicating the better
electrochemical reversibility of the nano-Sn/PPy composite electrode. The nanoSn/PPy composite using CMC as binder shows the best capacity retention, which is
comparable to values reported for nano-Sn/PPy composite thin film (400 mAh g-1
after 50 cycles). [104] However, the capacity retention is still not as good as with
Sn/carbon composites, such as Sn/carbon hollow sphere composite (550 mA h g-1
after 100 cycles; 500 mAh g-1 after 200 cycles [105]) or Sn/amorphous carbon
composite (700 mAh g-1 after 50 cycles [103]). Using both PPy composite as the
active material and CMC as the binder can improve the capacity retention of nanoSn. Here, we need to point out that the smaller size of the Sn nanoparticles in the
composite may also contribute to the enhanced capacity retention. Therefore, further
enhancements in capacity retention are expected with proper optimization of
composition, morphology, and addition of a protective coating on the tin layer.

Figure 4.7 Cycle life of nano-Sn and nano-Sn/PPy composite electrodes using CMC
and PVDF as binder, respectively. The cycles are all between 0.01 and 2.0 V vs.
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Li/Li+ at 25 °C, with current density of 0.05 C for the first cycle and 0.1 C for the
following cycles.
Changing rates of charge-discharge were also used for characterizing the stability of
the nano-Sn and nano-Sn/PPy composite electrodes using CMC and PVDF as binder,
as shown in Figure 4.8(a). The nano-Sn/PPy composite electrode using CMC as
binder shows the highest specific capacity of 220 mA h g-1 at a current density of 4 C.
There is less than 10% capacity loss for the nano-Sn/PPy composite electrode using
CMC as binder after changing the current density from 0.1 to 4 C, and back to 0.1 C
in 35 cycles, showing the relatively good cycling stability. Rate capability plots are
presented in Figure 4.8(b) to show the rate capability of the nano-Sn and nano-Sn
composite using PVDF and CMC as binder. It can be seen that the rate performance
follows the order of nano-Sn/PPy-CMC > nano-Sn/PPy-PVDF > nano-Sn-CMC >
nano-Sn-PVDF, which is the same order as for capacity retention.

Figure 4.8 (a) Specific capacities of nano-Sn and nano-Sn/PPy composite using
CMC and PVDF as binder at different current densities. (b) Rate capabilities of
nano-Sn and nano-Sn/PPy composite using CMC and PVDF as binder with changing
current densities from 0.1 C to 4 C and back to 0.1 C (C = 990 mA h g-1) between
0.01 and 1.5 V vs. Li/Li+ at 25 °C.

In order to investigate the reason for the enhanced capacity retention from using
CMC binder and PPy composite, the electrodes were washed and dried after cycling,
and the changes in morphology were examined by SEM. SEM images of the surfaces
of electrodes before and after cycling are shown in Figure 4.9. The left hand side

45

SEM images show the electrode surfaces before cycling, while the right hand side
shows the surfaces after 50 cycles. The electrodes before cycling show a similar
smooth surface, while after cycling, the electrode morphology shows big differences.
Figure 4.9(b) is an SEM image of the nano-Sn electrode using PVDF as binder after
50 cycles. There are big agglomerations of particles 50 μm in size and clearly visible
cracks. The poor morphology retention gives poor capacity retention. From Figure
4.9(d), it can be seen that using CMC as binder can protect the electrode from
cracking, but cannot prevent the nano-Sn from agglomerating. This is also the reason
why using CMC can temporarily improve the capacity retention, but eventually the
capacity still falls. Figure 4.9(f) is an SEM image of nano-Sn/PPy composite using
PVDF as binder. The agglomeration of Sn particles is significantly relieved
compared to the nano-Sn, but there are still clearly visible cracks in the electrode.
The PPy could be acting as a conductive matrix, while preventing the agglomeration
of Sn nanoparticles and buffering the volume change during lithium alloying and dealloying. It is worth pointing out that the much smaller size of the Sn nanoparticles in
nano-Sn/PPy composite than in pure nano-Sn could also alleviate the volume change.
However, the cracks in the electrode will affect the electrochemical performance.
The electrode surface of nano-Sn/PPy composite using CMC as binder is much
smoother in Figure 4.9(g). There are no clear cracks, nor can large-scale
agglomeration be observed on the surface. The average particle size is 5 μm, which is
about 10% of the particle size in the nano-Sn electrode using CMC as binder.
Therefore, CMC can prevent the formation of cracks in electrodes during the chargedischarge process despite big volume changes, while the PPy in the composite can
provide a conducting matrix and alleviate the agglomeration of Sn nanoparticles.

Electrochemical impedance spectroscopy (EIS) was used to further investigate the
reasons for the enhanced rate capability and capacity retention of nano-Sn and nanoSn/PPy composite using CMC as binder. Figure 4.10(a) shows the Nyquist plots of
the different electrodes at a discharge potential of 0.3 V vs. Li/Li+ after chargedischarge for 5 cycles and 50 cycles. All the impedance curves show one compressed
semicircle in the medium frequency region, which could be assigned to charge
transfer resistance (Rct) and an approximately 45 ° inclined line in the low-frequency
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Figure 4.9 SEM images of the electrode surface of nano-Sn (a-d) and nano-Sn/PPy
composite (e-h) using PVDF (a, b, e, f) and CMC (c, d, g, h) as binder before (a, c, e,
g) and after 50 cycles (b, d, f, h). The scale bars are all 50 μm.
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range, which could be considered as Warburg impedance. Composite electrodes
show another small semicircle in the high frequency region (Figure 4.10(b)). This
semicircle at higher frequencies is believed to be closely related to the PPy
conductivity, as expressed in the electron transfer. [106] The Rct for the composite
includes both RPPy (resistance from PPy) and R2 (resistance from other sources),
which can be calculated using the equivalent circuit shown in the inset of Figure
4.10(a). RPPy is 4 and 10 Ω cm-2 for nano-Sn/PPy composite electrode using CMC as
binder before and after cycling, respectively. R2 is 20 and 50 Ω cm-2 for nano-Sn/PPy
composite electrode using CMC as binder before and after cycling, respectively,
while it is 51 and 150 Ω cm-2 for nano-Sn electrode using CMC as binder before and
after cycling, respectively. The total Rct for nano-Sn/PPy composite electrode before
and after cycling is still much lower than that for nano-Sn electrode, indicating the
enhanced electron transfer due to the good conductivity of PPy. After 5 cycles and 50
cycles, the Rct for both the nano-Sn and the nano-Sn/PPy composite increase,
indicating increasing resistance. This is related to the change in the morphology of
the electrodes. The Rct of the nano-Sn/PPy composite electrode only increases by
around 2.5 times, while that of the nano-Sn increases by around 3 times, indicating
the good capacity retention.

Figure 4.10 Nyquist plots of (a) nano-Sn and Sn/PPy composite using CMC as
binder after cycling over 5 and 50 cycles at a discharge potential of 0.3 V vs. Li/Li +
at 25°C at frequencies from 100 kHz to 20 mHz. (b) Enlargement of (a) in the high
frequency range. The inset in (a) is the equivalent circuit used.
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4.4 Conclusions
Nano-Sn/PPy composite was prepared by chemically reducing and coating Sn
nanoparticles onto the PPy surface. The composite sample shows much higher
surface area than the pure nano-Sn sample, due to the higher surface area of the PPy
and the much smaller crystal size of Sn in the nano-Sn/PPy composite than in the
pure tin nanoparticle sample. The electrochemical results show that both the capacity
retention and the rate capability are in the same order of nano-Sn/PPy-CMC > nanoSn/PPy-PVDF > nano-Sn-CMC > nano-Sn-PVDF. The results show that CMC can
prevent the formation of cracks in electrodes during the charge-discharge process
despite the big volume changes, while the PPy in the composite can provide a
conducting matrix and alleviate the agglomeration of Sn nanoparticles. The present
results indicate that the nano-Sn/PPy composite could be suitable for the next
generation of anode materials as it has relatively good capacity retention and rate
capability.
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Chapter 5 CuS NANOMATERIALS: SYNTHESIS AND LITHIUM STORAGE
PROPERTIES

5.1 Introduction

Because of the rapid flourishing of the portable electronic device industry,
rechargeable lithium–ion batteries with higher energy density and better rate
capability are always an urgent need. However, the capacity of the cathode material
is relatively much lower than that of the anode material, which is the main barrier to
lithium secondary battery development. Among the various active materials, metal
sulfides are known to be promising materials because of their high theoretical
capacity. A number of metal sulfides, such as NiS, MoS3, CoS, and WS2, have been
considered for cathode materials in lithium batteries [107,108]. Compared with other
sulfides, CuS has good electrical conductivity (103 S-1 cm) and high theoretical
capacity (560 mAh-1g). The Li/CuS system was considered a promising high energy
lithium primary battery in the early period [109,110], and CuS is believed to be one
of the best potential cathode materials.
The main problem for the use of CuS as a cathode material in lithium-ion secondary
batteries is its sharp drop in capacity after every cycle, so that the energy of the cell
is exhausted within the first few cycles [ 111 ]. By using 1 M LiCF3SO3/1, 3dioxolane electrolyte in the Li/CuS cell, only 50% of the specific capacity is
maintained compared with the first discharge capacity [ 112 ]. The cycling
performance can be enhanced to more than 50 cycles by limiting the chargedischarge to between 1.8 and 2.6 V [113]. However, the previous reports all used a
very low charge and discharge rate (0.01 C). This is not suitable for practical
applications. Therefore, how to improve the rate capability would be the most
important problem for CuS as a cathode material for the lithium rechargeable battery.
Nanostructured materials to be applied in lithium-ion secondary batteries have been
extensively investigated to improve their electrochemical properties by creating short
diffusion lengths for the Li+ ions and large flexibility towards volume changes
caused by Li+ insertion/extraction [114]. A variety of CuS nanomaterials can be
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achieved through a facile solution chemical route using the hydrothermal method, by
controlling the reaction temperature, time, pH value, molar ratio of reactants in
solution, and surfactant [115,116]. However, there is still no report on using CuS
nanomaterials as cathode materials in the lithium rechargeable battery. In this
Chapter, the effects of the reaction parameters studied through systematic
combination and arrangement is reported. Four novel morphologies of CuS
nanomaterials with typical electrochemical performance were chosen and are
discussed below.

5.2. Experimental

5.2.1 Preparation of CuS nanomaterials
The CuS nanomaterials were synthesized through a facile hydrothermal method by
heating a mixture of copper sulphate and thiourea solution under particular time and
temperature conditions in an autoclave. The details are listed in Table 1. For
nanowires, in a typical experimental procedure, 0.48 mmol CuSO4·5H2O and 0.96
mmol CH4N2S (thiourea) were dissolved in 20 mL and 30 mL de-ionized (DI) water,
respectively, and sonicated for 10 min to form clear solutions. Then, the above two
solutions were mixed slowly and stirred vigorously for 15 min. A white suspension
was formed, which was then transferred into a Teflon-lined stainless steel autoclave
with a capacity of 125 mL and maintained at 170˚C for 2 h. After the autoclave was
cooled to room temperature naturally, the obtained black precipitate was washed
with DI-water and absolute ethanol several times to remove any possible residual
impurities, before drying in a vacuum oven at 60˚C for 4 h.

5.2.2 Instrument analysis
The morphology and microstructure of the CuS nanomaterials were characterized by
using X-ray diffraction (XRD) (GBC MMA), field emission scanning electron
microscopy (FE-SEM) (JEOL JSM-7500FA, 20 kV) equipped with energy
dispersive X-ray spectroscopy (EDX), the Brunauer-Emmett-Teller (BET) method
(Quanta Chrome Nova 1000), and Raman spectroscopy. Raman Spectra were
recorded using a JOBIN Yvon Horiba Raman Spectrometer model HR800
employing a 10 mW helium/neon laser at 632.8 nm, which was filtered by a neutral
density filter to reduce the laser intensity, and a charge-coupled detector (CCD).
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5.2.3 Electrochemical characterizations
To test the electrochemical performance, electrodes were prepared by the following
procedure. The CuS active material (80 wt. %), conductive carbon (10 wt. %), and a
binder, poly (vinylidene fluoride) (PVDF, Mw: ~534,000, Aldrich) (10 wt. %) were
homogeneously mixed into a slurry before pasting onto pieces of Al foil with an area
of 1 cm2. Then, the prepared electrode sheets were dried at 80˚C for 12 h. The active
material loading was about 2.63.4 mg for an individual electrode. Cycling tests of
CuS cathode materials were carried out in a coin-type cells (size 2032) assembled in
an Ar-filled glove box. The electrochemical cells contained a test cathode, a Li metal
anode, a porous polypropylene film as separator, and a solution of 1 M LiPF6 in a 1:2
(v/v) mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as the
electrolyte. In order to limit the formation of Li2S during discharge, the cells were
galvanostatically charged and discharged over the voltage range of 1.8-2.6 V vs.
Li/Li+ at a current density of 0.1 C (C = 270 mAh g-1).[117]

5.3 Results and discussion

5.3.1 Structure and morphology analysis
CuS nanoflakes, microspheres, microflowers, and nanowires can be obtained by
adjusting the reaction time (2-12 h), pH value of the solution (10 ml 4 M NaOH or
none), molar ratio of CuSO4 to thiourea (1:2-5:20), the addition of surfactant (Brij 60
or none), and the density of ethanol to DI-water as solvent (90% or none). The
relationship between the morphological properties and the detailed experimental
parameters is presented in Table 5.1.
X-ray diffraction (XRD) measurements were used to study the phase of the CuS
nanomaterials, and typical XRD patterns are presented in Fig. 5.1. The diffraction
peaks of the XRD patterns for all the products prepared under different reaction
conditions can be indexed to an orthorhombic phase of CuS (JCPDS no. 06-0464).
There are no peaks of any other phases detected, which indicates the purity of all the
CuS products, while the relative peak intensity levels are due to the random
orientation. The lattice parameters, including a, c, and the unit cell volume, are also
listed in Table 5.1. The size of lattice parameter c follows the order of nanowires >
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microspheres > nanoflakes > microflowers. A higher value of c implies a bigger
interlayer distance, and more improvement of mobility and distribution of lithium ion

Table 5.1 The reaction parameters, specific surface areas, lattice parameters, and
crystal sizes of CuS nanoflakes, microspheres, microflowers, and nanowires.
Samples

Nanoflakes

Treatment time 6

Microspheres

Microflowers

Nanowires

12

12

2

(h)
NaOH

10ml 0.4M

N/A

N/A

N/A

Molar Ratio

5:10

5:20

5:10

1:2

Surfactant

Brij 60

N/A

N/A

N/A

Solvent

DI-water

DI-water

Ethanol:DI-water DI-water

40 ml

50 ml

45 ml:5 ml

50 ml

BET(m2 g-1)

58.2

23.9

36.7

82.3

Lattice

a (Å)

3.7838

3.7817

3.7876

3.7897

c (Å)

16.3099

16.3206

16.3034

16.3209

Vol. (Å3)

202.2

202.1

202.6

203

Crystal size(nm)

40.01

22.64

31.86

21.51

CuSO4:Thiourea

Parameter

between material layers. Therefore, the nanowires give lithium ions the best mobility.
The crystal sizes of CuS in different morphologies were calculated by the Debye–
Scherrer equation applied to the (110) peaks and are listed in Table 5.1, which shows
that the nanowires have the smallest crystal size (21.51 nm) compared with the
others morphologies (nanoflakes 40.01 nm, microspheres 22.64 nm, and
microflowers 31.86 nm).
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Figure 5.1 XRD patterns of CuS nanomaterials.
The specific surface areas of the as-prepared CuS products measured by the 15 point
Brunauer-Emmett-Teller (BET) N2 adsorption method are also shown in Table 5.1.
The CuS nanowires show the highest specific surface area (82.3 m2 g-1), compared
with the nanoflakes (58.2 m2 g-1), microflowers (36.7 m2 g-1), and microspheres (23.9
m2 g-1).
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Raman peaks of highly-ordered crystals are very sharp (see Figure 5.2), but those of
less ordered crystals are rather broad. A strong peak observed at 473 cm -1 can be
assigned to the S-S stretching mode of S2 ions at 4e sites. Another weak peak at 266
cm-1 is due to the other lattice modes of CuS [118].

Figure 5.2 Raman spectra of the as-prepared nanoflakes, microspheres, microflowers,
and nanowires.

Typical scanning electron microscope (SEM) images of CuS nanoflakes,
microspheres, microflowers, and nanowires are shown in Fig. 5.3. Fig. 5.3(a) and (b)
display nanoflakes with a uniform size, approximately 50 nm in length, 30 nm in
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width, and 10 nm in thickness. Fig. 5.3(c) contains a low magnification SEM image
of CuS microspheres 2-5 µm in diameter. The higher magnification SEM image
shown in Fig. 5.3(d) demonstrates that the microspheres are formed from nanoflakes
100-200 nm in thickness. In Fig. 5.3(e) and (f), CuS microflowers formed from thin
flakes have a thickness of nearly 100 nm. Fig. 5.3(g) shows a wire-like morphology
of CuS that is 200 nm in diameter. Fig. 5.3(h) shows a higher magnification SEM
image. It can be seen that the CuS nanowires with a radius of 100 nm are composed
of pieces of nanoflakes which have a thickness of 30-50 nm.

5.3.2 Electrochemical characterization
In the early studies using CuS as a cathode material for rechargeable batteries, the
main problem with Li/sulphide secondary batteries was found to be a rapid drop in
capacity due to the formation of Li2Sx, which can be easily dissolved in the
electrolyte and is irreversible. It was stated that there were two steps of the reaction,
which was later investigated by X-ray diffraction [ 119 , 120 ]. The reaction
mechanisms during charge and discharge are described as follows:
CuS + xLi + xe- → LixCuS

(5.1)

The second plateau reactions occur when the discharge voltage becomes lower,
evidently under 1.8 V:
1.96 LixCuS + (2 – 1.96x) Li+ + (2- 1.96x) e- → Li2S + Cu1.96S

(5.2)

Cu1.96S + 2 Li+ + 2e- → Li2S + 1.96 Cu

(5.3)

The sequence of reactions (5.2) and (5.3) is the major procedure for the formation of
Li2Sx, which leads to a significant fading of battery capacity after each cycle, and the
minimum voltage of discharge is limited to above 1.8 V.
Fig. 5.4 shows the charge-discharge curves of CuS nanoflake, microsphere,
microflower, and nanowire electrodes in coin test cells at a current density of 0.1 C
(C = 270 mAh g-1). The unique discharge plateau for the initial specific discharge
capacity indicates that there is only one reaction (Eq. 5.1) that occurs during Li + ion
intercalation into CuS. The initial discharge specific capacities for CuS nanoflakes,
microspheres, microflowers, and nanowires are 200, 258, 225, and 262 mAh g-1,
respectively. Both microsphere and nanowire electrodes show close to the theoretical
specific capacity (280 mAh g-1, corresponding to 2 mol Li+ ions).
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Figure 5.3 FE-SEM images of the prepared samples with different morphologies: (a)
and (b) nanoflakes; (c) and (d) microspheres; (e) and (f) microflowers; (g) and (h)
nanowires. The panels on the left and the panels on the right are at low and high
magnification, respectively.
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The capacities of the first cycles reflect the fact that microspheres, microflowers, and
nanowires containing secondary structures composed of nanoflakes provide shorter
paths for Li+ ion diffusion and migration. Therefore, they can show better
performance than nanoflake CuS. Furthermore, as microspheres and nanowires have
much more compact structures than microflowers, which can offer Li+ ions more
surface active positions per unit volume, they have better capacity performance than
the microflowers. Moreover, the nanowires have a much smaller particle size than
the microspheres, so that they can provide the best electrochemical capacity in the
first few cycles within these four typical morphologies.

Figure 5.4 Typical charge-discharge curves for CuS nanomaterial electrodes: (a)
nanoflakes, (b) microspheres, (c) microflowers, and (d) nanowires at current density
of 0.1 C (C = 270 mAh g-1) at 25 °C.

The differential charge and discharge capacity profiles, which are all nearly identical
curves, are shown in Fig. 5.5. As can be observed, they all have a main reduction
peak at around 2.0 V in the initial discharge. Then, the intensity of this peak drops
significantly, leaving a large initial irreversible capacity in the second discharge
cycle. After that, the reduction peak deviates to the right by 0.02 to 0.05 V beyond
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the third discharge cycle and remains stable, which indicates that the formation of the
solid electrolyte interphase (SEI) layer is complete, and the irreversible capacity loss
is under control. Meanwhile, there is a small reduction peak that appears around 1.85
V during discharge, which is attributed to the unavoidable fraction of Li+ ions that
contribute to the formation of dissolvable Li2S. However, the oxidation peaks of
these four CuS nanomaterials are relatively clear and consist of a major oxidation
peak around 2.3 V and a shoulder peak at about 2.2 V. The charge reaction indicates
a two steps transportation of electrons from LixCuS to CuS.

Figure 5.5 Differential charge-discharge capacity versus potential from the first to
the fifth cycle between 1.8 and 2.6 V for CuS nanomaterial electrodes: (a) nanoflakes,
(b) microspheres, (c) microflowers, and (d) nanowires at current density of 0.1 C (C
= 270 mAh g-1) at 25 °C.
Figure 5.6 displays the cycling stability of the CuS nanomaterials at a current density
of 270 mAh g-1 over 50 cycles. It can be seen that nanowires and microspheres
present better initial specific capacity (262 and 258 mAh g-1, respectively), followed
by microflowers (225 mAh g-1) and nanoflakes (200 mAh g-1). Although nanowires
maintain the best specific capacity within the first 10 cycles, which can be attributed
to their having the largest reaction surface area, which provides the best short ion
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diffusion and migration paths, they fell behind nanowires after 10 cycles and behind
microflowers after 30 cycles. Microspheres present a much smoother curve than any
of the others and show the best retention, relatively, of specific capacity, which may
be because their compact spherical structure can guarantee the best capacity retention.
The microflower capacities are worse than for the nanowires and microspheres,
although better than for the nanowires beyond the first 30 cycles. After that, they
have similar performance and follow the same trend as the first two materials above
50 mAh g-1. However, nanoflakes exhibit the lowest initial capacity and the sharpest
slope in their cycling curve, which demonstrates that the single morphology of
nanoflakes cannot sustain similar capacities and cycling performance to the other
CuS nanomaterials with 3-dimensional hierarchical architectures.

Figure 5.6 Cycle life of CuS nanoflake (hollow triangles), microsphere (solid circles),
microflower (solid triangles), and nanowire (solid square) electrodes at 25 °C.
Current densities are all 0.1 C (C = 270 mAh g-1).
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Four of the cells that had experienced 50 cycles were selected from these four CuS
typical morphologies and opened with pliers in a fume cupboard. Fig. 5.7(a) - (d)
presents side views of lithium electrodes from cells with nanoflake, microsphere,
microflower, and nanowire electrodes when originally assembled. As the
photographs show, not only are the pieces of lithium foil all covered by various
amounts of dark material, but also the separators in each cell. A small piece of
separator containing the dark material was cut off, washed with DEC to remove
residual electrolyte, and analyzed by EDX spectroscopy. The results are shown in
Fig. 5.7(e) and (f), which confirmed that the dark material contains the elements
copper and sulfur in a ratio of 2:1. From reaction (5.2), it is demonstrated that Cu2S
is formed from soluble Li2S, so it can be deduced that the original CuS nanomaterials
are gradually dissolved in the electrolyte and deposited as Cu2S on the other side of
the electrode, which makes the cells lose effectiveness and leads to continuous
capacity fading.

Figure 5.7 Side views of lithium electrodes after 50 cycles:

a) nanoflakes, b)

microspheres, c) microflowers, and d) nanowires; e) FE-SEM image of nanowire
electrode after 50 cycles, and f) corresponding EDX spectrum.
Rate capabilities of the CuS nanowires, microspheres, and microflowers are shown in
Fig. 5.8(a). The nanowire electrode shows the best rate capability. The charge and
discharge curves of the nanowire electrode under different current densities from 0.1
C to 2 C are displayed in Fig. 5.8(b). It can be seen that the nanowire electrode can
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deliver around 58 mAh g-1 at 1 C and has a relatively good curve shape with a
plateau of ~2.0 V vs. Li/Li+.

Figure 5.8 (a) Rate capability of nanowires, microspheres, and microflowers; (b)
charge and discharge curves of CuS nanowires at different current densities from 0.1
C to 2 C.

5.4 Conclusion

The electrochemical behaviors of four typical morphologies of CuS nanomaterials
(nanoflakes, microspheres, microflowers, and nanowires) prepared by a facile
hydrothermal

method

were

systematically

studied

by

electrochemical

characterization. Due to their nano-/micro-particle size and compact structure, the
nanowires and microspheres present relatively higher initial discharge capacity of
262 mAh g-1 and 258 mAh g-1, respectively, among these four CuS nanomaterials,
while the microspheres show the best stability over 50 cycles. The nanowire
electrode shows the best rate capability, with around 58 mAh g-1 at 1 C. The
dissolution of CuS in electrolyte is still a big issue for capacity fading, and a further
protective coating layer on the surface of the CuS nanomaterials or additives in the
electrolyte may be needed to improve the performance.
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CHAPTER 6 AN INVESTIGATION OF LiV3O8-POLYANILINE
COMPOSITE CATHODE MATERIALS FOR LITHIUM-ION
BATTERIES
6.1 Introduction

Lithium vanadium oxides (LiV3O8) have been attractive as promising cathode
materials for rechargeable lithium batteries because of their potentially high specific
energy density, high working voltage and high discharge capacity, good chemical
stability in air, ease of fabrication, and low cost [121]. Although the LiV3O8 cathode
in lithium batteries displays a high initial discharge capacity, the capacity decreases
significantly with cycle number, especially at a high discharge rate [122]. In general,
carbon black is mixed with LiV3O8 to solve the problem but the addition of materials
without electrochemical activity reduces the apparent energy density.
Conductive polymers have become a hotspot of scientific research since MacDiarmid
and co-workers first discovered that iodine-doped polyacetylene conducts as a metal
in 1977 [123]. Subsequently, polyaniline [124], polypyrrole [125], polythiophene
[126] and a number of conductive polymers have also been further studied and
widely explored for applications, due to their unique structures with excellent
physical and chemical properties. Polyaniline (PANi) is unique among the various
conducting polymers in that it can be easily produced with controlled morphological,
structural, and electronic properties by chemical or electrochemical means. [127]
Since polyaniline is a conductive polymer and also has lithium storage capacity as a
cathode material for the lithium-ion cell, coating polyaniline on LiV3O8 particles
would increase the electrical conductivity of the LiV3O8. The polyaniline could also
participate in lithiation and de-lithiation reactions, contributing to the specific
capacity of the electrode.
In this Chapter, with the aim of improving the electrochemical performance of
LiV3O8 cathode a series of polyaniline-coated LiV3O8 composite as materials is
reported. Their electrochemical properties were systematically investigated.

6.2 Experimental
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6.2.1 Synthesis of the Materials
(a) Preparation of LiV3O8 nanorods
Single-crystalline LiV3O8 nanorods were synthesized by using well-defined homemade VO2 nanorods as the vanadium resource. In a typical experiment, the VO2
nanorod precursor was prepared by the hydrothermal method. 0.365 g V2O5 powder,
10 ml 1-butanol, and 30 ml H2O were mixed under vigorous magnetic stirring at
room temperature for 4 hours. The resultant mixture was then transferred into an
autoclave and kept in an oven at 180 °C for 48 h. The products were washed with
anhydrous ethanol and cyclohexane several times. The resultant VO2 was dried at 80
°C in a vacuum oven for 12 h. The crystalline VO2 nanorods were obtained by
annealing the dried VO2 precursor at 250 °C for 10 h under vacuum.
The thus obtained crystalline VO2 precursor and LiOH·H2O were mixed in methanol
under magnetic stirring for 12 h. The mixture solution was heated to 50 °C to
evaporate methanol. The produced powder was dried at 150 °C for 12 h in a vacuum
oven, and finally annealed at 450 °C for 10 h in air. Single-crystalline LiV3O8
nanorods were obtained.

(b) Preparation of polyaniline
Polyaniline was prepared by chemical oxidation polymerization. In a typical
procedure, 0.018mol aniline monomer was suspended in 50 ml 0.1M hydrochloric
acid solution and stirred for 10 min to become well dispersed. Then 0.018 mol
ammonium persulfate in 20 ml 0.1M hydrochloric acid solution was slowly added
into the suspension mixture. The polymerization was achieved after standing for 20
h, and the suspension became dark green. The products were obtained by filtering
and washing the suspension with ethanol and deionized water, and drying under
vacuum at 60°C for 12 h. Figure 6.1 shows the synthesis mechanism of PANi.
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Figure 6.1 Synthesis mechanism of polyaniline

(c) Preparation of PANi-LiV3O8
The as-prepared polyaniline was dispersed in N-methyl-2-pyrrolidone (NMP),
through which the polyaniline was dissolved. Then LiV3O8 was added into the
solution, and the mixture was ultrasonicated for 10 minutes. After that it was heated
to 80°C to evaporate the NMP with constant stirring. The resultant black powder was
dried at 100°C for 12 h in vacuum. According to the starting materials, the contents
of polyaniline were determined to be 5% and 10% respectively.

6.2.2 Materials characterization
Phase analysis was performed by powder X-ray diffraction (XRD) using a GBC
MMA X-ray generator and diffractometer with Cu Kα radiation. Raman
spectroscopy were conducted to further confirm the presence of polyaniline using a
JOBIN YVON HR800 confocal Raman system with 632.8 nm diode laser excitation
on a 300 lines/mm grating at room temperature. The morphologies of the samples
were investigated by field emission SEM (FE-SEM; JEOL JSM-7500FA) and SEM
(JEOL JEM-3000).
The samples were mixed with acetylene black (AB) and a binder (CMC) in a weight
ratio of 80:10:10, respectively, in a solvent (DI-water). The slurry was uniformly
pasted on Al foil. Such prepared electrode sheet were dried at 120 °C in a vacuum
oven and pressed under a pressed under a pressure of approximately 300 kg cm-2,
CR2032-type coin cells were assembled for electrochemical characterization. The
electrolyte was 1M LiPF6 in a 50:50(v/v) mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC). Li metal foil was used as the counter and reference
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electrode. The cells were galvanostatically charged and discharged at a current
density of 20 mA g-1 over a range of 1.5 V to 4.0 V.
6.3 Results and Discussion

Figure 6.2 shows the X-ray diffraction (XRD) patterns of LiV3O8 nanorods and
LiV3O8-PANi nanocomposites. All reflections of LiV3O8 nanostructured materials
were in excellent accordance with the rutile structure (JCPDS No. 72-1193), which
belongs to space group P21/m (11). The sharp and intense XRD peaks of the asobtained LiV3O8 nanorods indicate its good degree of crystallinity. In addition, there
was no notable peak shifting or intensity change after the introduction of polyaniline.
Raman spectrum was used to confirm the presence of polyaniline in the composite.

LiV3O8
10% PAni-LiV3O8

Intensity (a.u.)

5% PAni-LiV3O8

10

20

30

40

50

60

70

80

2deg.

Figure 6.2 X-ray diffraction patterns for the as-prepared bare LiV3O8 and PANiLiV3O8 composite materials.
Figure 6.3 presents that the Raman spectrum of the composite with 632.8 nm diode
laser excitation on a 300 line/mm grating at room temperature. It displays a peak at
992 cm-1, which is due to the LiV3O8 particles [128], and typical PANi peaks
between 1000 cm-1 and 1800 cm-1, which match up with the Raman spectrum of pure
PANi [129]. This demonstrates that the LiV3O8 particles were incorporated into the
PANi. No additional peaks are obvious in the Raman spectrum of PANi-LiV3O8,
indicating that no chemical reaction between PANi and LiV3O8 occurred during
preparation. Therefore, the LiV3O8 particles were only physically bonded to the
conducting PANi matrix.
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Figure 6.3 Raman spectra of the polyaniline, LiV3O8 and PANi-LiV3O8 composite
Field emission scanning electron microscopy (FESEM) analysis was conducted on
the bare LiV3O8 and LiV3O8-PANi composite containing 10 wt% PANi (Figure 6.4).
As can been seen from the images in Fig. 6.4 (a)(c), the morphologies of the two
samples are slightly different, even if they are both dominated by nanorod structures.
The nanorods of LiV3O8 materials are homogeneous with widths of 100-200 nm, and
lengths of 1.0-2.0 µm. The LiV3O8 –PANi nanorods are thicker than those of bare
LiV3O8, with widths of 200 to 400 nm. In addition, the surfaces of two samples are
different as well. Bare LiV3O8 has a very smooth surface, while the surface of there
composite is rough because there is a PANi coating on the surface of the LiV3O8
nanorods.
EDX mapping of the dfferent elements was conducted to analyse the distribution of
the species within particles (Figure 6.5). The bright spots correspond to the presence
of each element, in which the carbon and nitrogen are elements of polyaniline. Based
on the EDX elemental maps, C, V, O and N are homogenously distributed in the
composite sample, indicating uniform distribution of LiV3O8 and polyaniline.
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Figure 6.4 FE-SEM images for (a) and (b) the bare LiV3O8 sample, (c) and (d) the
polyaniline coated sample

Figure 6.6 presents a typical cyclic voltammogram (CV) curve for polyaniline, with
hydrochloric acid as a dopant, which was synthesized using chemical oxidation
polymerization. The positive currents are for oxidation, and the negative currents are
for reduction. A broad oxidation peak (doping of anions into the polymer between
3.0 and 3.4 V) and a reduction peak (de-doping of anions from the polymer) at 3.0 V
are observed. Upon successive cycles, both the oxidation and the reduction peak
currents are found to increase continuously. This indicates a slow and continuous
penetration of the electrolyte into the polyaniline electrode.

68

Figure 6.5 SEM and chemical map of N, V, and O for the 10% PANi-LiV3O8
composite powder.

50

1st
2nd
3rd
Current (/mg)

25

0

-25

-50
1.5

2.0

2.5

3.0

3.5

4.0

+

Potential (V vs Li/Li )

Figure 6.6 Cyclic voltammograms of the electrodes made from the as-prepared
polyaniline at a scan rate of 0.1 mV s-1

Figure 6.7(a) shows the CV of the bare LiV3O8. There are three well-shaped redox
peaks between 3.0 and 1.8 V, ascribed to three main steps: first, Li+ insertion in the
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tetrahedral sites at about 2.77 V, then Li+ diffusion into two-phase coexisting of
LiV3O8 and Li4V3O8 at about 2.46 V, and finally Li+ diffusion into single-phase
Li4V3O8 at about 2.0V. [130] In addition, it is worth noting that there are two
apparent discharge plateaus at 2.8 and 2.6 V. The plateau at 2.8 V is the
electrochemical characteristic of single-phase insertion processes [131]. The plateau
at 2.6 V is a signature of the two-phase between Li1+xV3O8 (1 ≤ x ≤ 2) and Li4V3O8
[132]. Figure 6.7(b) shows CV curves of the LiV3O8-PANi composite electrodes.
The potentials of the peaks for both materials are all similar, showing a similar
reaction mechanism. Several discharge and charge plateaus were observed for both
electrolytes, showing a similar reaction mechanism for Li+ ion intercalation into the
active material. It is worth noting that, for LiV3O8-PANi composite electrode, the
redox peaks at 2.7 V and 2.8 V have merged, which is mainly due to the broad redox
peak from 2.7 V to 3.2 V of polyaniline (see Figure 6.6).

Figure 6.7 Cyclic voltammorgrams of the electrodes made from: (a) bare LiV3O8, (b)
LiV3O8- 10wt% PANi composite. Scanning rate: 0.1 mV/s
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Figure 6.8 the 2nd, 10th and 20th charging/discharging curves of (a) the bare LiV3O8
electrode and (b) the 10% LiV3O8-PANi composite electrode.
Figure 6.8 compares the charge/discharge curves of the 2nd, the 10th and the 20th
cycles for the composite and pure LiV3O8. There are several pateaus in the voltage
profiles for the lithium intercalation and deintercalation of LiV3O8-PANi electrodes
(Fig. 6.8(b)), which is quite similar to that of the LiV3O8 electrodes (Fig. 6.8(a)).
These results are in accordance with the cyclic voltammorgram results.
Fig. 6.9(a) shows the specific discharge capacity of the electrodes prepared from
LiV3O8-PANi composites and bare LiV3O8 upon cycling. It is clear that the
cyclability of polyaniline is quite good. The storage capacity stays at 60 mAh g-1
over fifty cycles. The bare LiV3O8 electrode shows an initial capacity of 283 mAh g1

. This is higher than those of the composite electrodes with 5%wt and 10%wt

polyaniline, which are 265.6 and 244.8 mAh g-1, respectively. Capacity fading was
observed after several charge/discharge cycles in every case, but the decay of the
discharge capacity for LiV3O8-PANi composites was far slower compared to the bare

71

Figure 6.9 (a) Cycle life of as-prepared LiV3O8 nanorods, PANi, and LiV3O8-PANi
composites. (b) Capacity retention of LiV3O8 and LiV3O8-PANi composites.
LiV3O8 cathode. This lower initial capacity is because the PANi has a practical
capacity of 60 mAh/g, which is much lower than that of LiV3O8. An increased PANi
content in the composite would reduce the specific capacity of the composite
electrode. However, an increased in PANi content would improve the electrical
conductivity of the composites and increase the utilization of LiV3O8, inducing
enhanced cycling performance. The 10wt% PANi-LiV3O8 electrode delivered a
discharge capacity of 151.0 mA/g while the pure LiV3O8 electrode had a discharge
capacity of 106.8 mAh/g after 55 cycles.
The capacity retention shown in Fig 6.9 (b) illustrates that the slopes of the capacity
retention are in the order of 10% wt PANi LiV3O8 < 5% wt PANi LiV3O8 < bare

72

LiV3O8. Therefore, the composite with 10% wt polyaniline shows the best capacity
retention.
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Figure 6.10 Nyquist impedance plots of the bare LiV3O8 and LiV3O8-10wt% PANi
composite electrodes after 55th cycles

Electrochemical impedance spectroscopy (EIS) was also performed on the electrodes
made from the as-obtained materials in the fully discharged state and the results are
presented in Figure 6.10. Generally, the high frequency semicircle and the semicircle
in the medium-frequency region are attributed to the solid electrolyte interphase (SEI)
film and contact resistance, and Li+ charge-transfer impedance on the
electrode/electrolyte interface, respectively. From Figure 6.10, which shows the
results of testing at the 55th cycle, it can be seen that the composite electrode’s
conductivity is much higher than that of the bare electrode, indicating that the PANi
coating significantly increased the electrical conductivity between LiV3O8 particles.
In order to explore the reasons for this phenomenon, a morphological study of the
electrodes before cycling and after 55 cycles was conducted (Fig. 6.11). Fig. 6.11(c)
is a SEM image showing the surface of the LiV3O8 after 55 cycles, where big cracks
and agglomeration can be clearly observed on the surface of the electrode. However,
for the LiV3O8-PAni composite electrode, the cracks are not obvious, the integrity of
the electrode is retained, and the cell is just slightly agglomerated compared to the
electrode before cycling (Figure 6.11 (a)-(d)), suggesting good structural stability of
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the composite electrode. This excellent stability of the electrode may be attributed to
the existence of a well-dispersed PANi coating on the LiV3O8 powders. The LiV3O8
volume change during charging/discharging could be buffered by the presence of
PANi. Moreover, PANi could work as an efficient host matrix to prevent cracking
and pulverization of the LiV3O8 electrode. At the same time, PANi can also acts as a
binding and conducting element by contributing its electroactivity, resulting in an
increase in the storage capacity. Therefore, by coating with polyaniline, enhanced
cycling stability can be achieved.

Figure 6.11 SEM images of electrode after 55 cycles: (a) the bare LiV3O8 electrode
before cycling, (b) LiV3O8-10wt% PANi composite electrode before cycling, (c) bare
LiV3O8 electrode after 55 cycles, (d) LiV3O8-10 wt% PANi composite electrode after
55 cycles.

6.4 Conclusions
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The use of conducting polymer and lithium vanadium oxide composite materials as
an electrode is of great interest for improving the lithium-ion intercalation capacity
and accessibility, mechanical flexibility, and ion mobility for rechargeable lithium
batteries.
Herein, single-nanorods LiV3O8 coated with conducting polyaniline is prepared by a
simple physical method. These single-nanorods LiV3O8 coated with conducting
polyaniline as cathode materials had higher capacities and substantially improved
cyclability compared to bare LiV3O8 cathodes. The polyaniline acts not only as a
conducting network, but also as an electroactive material in the composites, thus
enhancing

the

electrochemical

response.

The

composite

showed

good

electrochemical properties in rechargeable lithium cells. The decay of the discharge
capacity for the LiV3O8-PANi composites was far slower compared to the bare
LiV3O8 cathode.
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CHAPTER 7 CONCLUSIONS

This thesis has investigated the electrochemical properties of tin-polypyrrol
nanocomposites as alternative anode materials, as well as the fundamental crystal
chemistry of CuS and LiV3O8-polyaniline as promising cathode materials for use in
the next generation of rechargeable lithium-ion batteries. Furthermore, a new type of
environmentally friendly binder, CMC, was also examined for use in combination
with transition metal for application in rechargeable lithium-ion batteries
Tin based materials have been popular candidate materials for lithium ion battery
anodes ever since the lithium-ion battery was discovered. In this study, Sn-polypyrrol
nanocomposites were prepared by liquid-phase chemical reduction methods, and
their electrochemical properties for lithium ion batteries were examined by
charge/discharge tests and the ac impedance technique. The Sn-polypyrrol anodes
demonstrated better capacity retention and rate capability compared to bare tin
anode. The present results indicate that the nano-Sn/PPy composite could be suitable
for the next generation of anode materials with relatively good retention and rate
capability.

Four different types of CuS nano-/micro-particles were prepared through a facile
hydrothermal method by heating a mixture of copper sulphate and thiourea in
solution under particular time and temperature conditions in an autoclave.
Morphologies and identifications were investigated by X-ray diffraction and field
emission scanning electron microscopy. Due to their particle size and compact
structure, the nanowires and microspheres presented relatively higher initial
discharge capacity of 262 and 258 mAh g-1, respectively, compared to the other
morphologies. The nanowire electrode showed the best rate capability, with around
58 mAh g-1at 1 C.

An investigation of the synthesis of nanostructured LiV3O8-polyaniline composite for
cathode material in lithium ion batteries was conducted in this study. The results
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demonstrated the active support that polyaniline gave to LiV3O8 nanoparticles in
electrochemical performance. The decay of the discharge capacity for LiV3O8-PANi
composites was far slower compared to the bare LiV3O8 cathode.
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